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Chapter1
Introduction
Gas phase spectroscopy is nowadays very common in a wide variety of applica-
tions within chemistry, biology, medicine and physics. From research involving
living organisms to the monitoring of global warming emissions, spectroscopic gas
sensors have proven to be indispensable tools. There are various ways of utilizing
gas sensors and each application puts different demands. Some applications re-
quire a very high sensitivity for one specific gas compound, while others benefit
more from a sensor that has the ability to measure a wide range of gases. A high
time-resolution may also be desirable, as well as molecule specificity, reliability,
and little or no need for sample preparation [1].
These requirements can be fulfilled excellently by laser based absorption spec-
troscopy, especially in the infrared wavelength region between 2.5 and 20 µm
where many molecules have their fundamental ro-vibrational transitions. This so-
called ‘fingerprint’ region offers numerous characteristic strong absorption lines
available for use with laser-based detection (see e.g. Table 1.1 for the wavelength
range around 3 µm). In combination with various sensitivity enhancing detection
schemes, laser spectroscopy can provide detection of the relevant trace gases at
ultra-low concentrations in the ppbv (parts per billion by volume; 1 : 109) level
and below.
Many molecular gases are involved in industrial processes, chemical processes in
the atmosphere, air pollution, global warming, biological processes including the
human body and modern themes such as security at public places [1–4]. For
these processes there is an increased demand for novel monitoring techniques. At
present no commercial widely tunable, high resolution laser sources are available
in the 2.5 - 5 µm wavelength range (Figure 1.1). Direct generation of tunable
1
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Molecular end group Spectral range (cm−1)
>CH2 / -CH3 2960-2850
-CHO 2900-2700
>O-CH3 2850-2810
-O-CH2-O 2790-2770
>N-CH3 2820-2780
-C≡CH ∼3300
>C=CH2 3095-3075
>C=C-H 3040-3010
-OH 3650-3590
>NH / = NH 3500-3300
-S-H 2600-2550
>P-H 2440-2350
-POOH 2700-2560
-C≡C- 2260-2150
-C≡N 2260-2200
-N=C=O 2275-2250
-N3 2160-2120
-N=C=N- 2155-2130
>C=C=O ∼2150
-N=C=S 2140-1990
R-S-C≡N 2175-2140
Table 1.1: Some molecular (end) groups and their characteristic absorbing wavelength
regions in the 2.5-5 µm range (2000-4000 cm−1).
3Figure 1.1: The atmospheric transmission in the infrared wavelength region. The lower
panel shows the strong absorptions due to the presence of high CO2 and water concentra-
tions. The upper panel shows the wavelength coverage of line tunable gas, semiconductor
and other solid state lasers, and frequency conversion based sources such as difference
frequency generation sources and optical parametric oscillators. QCL: Quantum-Cascade
Laser; OP-GaAs: Orientation Patterned-GaAs; PPLN: Periodically Poled LiNbO3; PP-
KTP: Periodically Poled KTiOPO4; PPRTA: Periodically Poled RbTiOAsO4.
mid-infrared radiation using solid-state lasers, such as quantum cascade lasers
[5; 6] and lead salt diode lasers suffers especially from limited tuning properties
[3; 7]. Difference Frequency Generation (DFG) [3; 8–11] can provide a large tun-
ing range, but is inherently restricted to only low powers (nanoWatt up to a few
mW) and consequently suffers from long detection times or the need for complex
detection schemes if the sensitivity has to be in the parts per billion by volume
level. A relatively broad continuous tuning range is provided by optical parametric
oscillators (OPO’s) based on quasi-phase matched materials such as periodically
poled lithium-niobate (PPLN) crystals [12–18]. Our OPO’s combine relative high
power levels (1 W continuous wave) and narrow linewidth (7 kHz over 20 µs and
4.5 MHz over 1 s passively stabilized, 50 MHz actively stabilized) with wide (hun-
dreds of wavenumbers; continuous tuning over 17 cm−1) and rapid (100 THz/s)
tunability, and thus represent an excellent source for sensitive spectroscopic gas
analysis.
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The continuous wave OPO was introduced to our research group by van Herpen
et al. [19]. This OPO was pumped by a Nd:YAG laser and was based on a con-
ventional PPLN crystal. It was shown that the light source is very promising for
the field of spectroscopic trace gas detection. At that time continuous tuning was
demonstrated over 1.1 cm−1 and a total wavelength coverage ranging from 3.0 to
4.7 µm using two periodically poled crystals. By using photoacoustic spectroscopy
an excellent detection limit of 0.01 ppbv for ethane was obtained by scanning over
the absorption peak in 40 seconds. The extension of the wavelength to the 4.2 µm
brought a strong CO2 absorption in range, offering a sensitivity of 0.7 ppbv (300
ms integration time, measured at top of the peak) which even made it possible to
monitor the breath of a small ant. This OPO is suitable for applications in life
science where only one gas has to be monitored. For the majority of applications,
however, it often is necessary to measure multiple gases simultaneously, especially
in the medical sciences [5; 20–22]. In addition, a high time resolution for studying
highly dynamic processes could not be offered, because of the slow scanning speed
over absorption peaks. By only measuring at the top of the absorption line, online
measurements could be performed. This however requires a sacrifice in molecule
selectivity and also still depended on the passive stability of the OPO to maintain
the correct wavelength. Finally, tuning the OPO over a wider range to another
absorption line beyond the pump tuning range was a cumbersome process. After
selecting another grating period of the PPLN crystal and changing the tempera-
ture, it often was necessary to realign the OPO cavity. This was mainly due to
the (thermal) properties of the congruent, undoped PPLN crystal.
This thesis reports on the development of a continuous wave, singly resonant
OPO for trace gas detection. The OPO has to have the capability to rapidly and
continuously scan over hundreds of wavenumbers to detect multi-component gas
species. It should also incorporate the possibility to jump to and remain locked at
specific wavelengths, e.g. when only certain gas absorptions have to be detected
rapidly or with high accuracy. This has to be accomplished while retaining a high
power, narrow linewidth, and high stability. In combination with this OPO a
number of experimental detection schemes for highly sensitive trace gas detection
are demonstrated and evaluated, each with their own unique features.
Chapters 2 and 3 give the theoretical background for the optical parametric oscil-
lator and the different spectroscopic trace gas detection methods. Chapter 3 also
compares the advantages and disadvantages of these detection schemes. Chapter
4 reports on an OPO, based on MgO-doped Periodically Poled Lithium Niobate
crystal. This type of crystal greatly reduces the thermal instability in the OPO.
As a result, a combination of tuning techniques (crystal temperature, intra-cavity
etalon and pump tuning) could be used to cover a broad, continuous spectral
range, while detecting multi-component gas mixtures with photoacoustic spec-
troscopy. Furthermore, this OPO was used for cavity ring-down spectroscopic
5measurements, also resulting in high sensitivities for trace gas detection. The
very high-finesse ring-down cavity could also be used to demonstrate the excel-
lent linewidth properties of the OPO.
Broad continuous tuning was now possible, however not at the desired time-scale.
To have fast scanning capability the OPO should not be tuned, but rather act as a
passive device which converts the tuning characteristics of the near infrared pump
wavelength into the mid-infrared region. In a joint project with the University of
Twente a new OPO pump source was developed based on a fiber-amplified DBR
diode laser [23; 24]. Such a configuration takes advantage of the near infrared,
fast tunable light sources made available by the telecom industry. In chapters 5
and 6 this novel OPO source is combined with two different detection schemes:
quartz-enhanced photoacoustic spectroscopy (QEPAS) and wavelength modula-
tion spectroscopy (WMS).
In chapter 7 a complex issue is discussed in trace gas detection on how to enable
the simultaneous detection and identification of a mix of narrow absorption peaks
(∼ 0.2 cm−1 full width at half maximum) and broad absorption features (tenths
of cm−1). We proposed and tested a new approach based on adiabatic cooling in a
supersonic planar jet expansion. Besides the trace gas application, the same setup
was also used to record rovibrational spectra of molecular ions in a supersonically
expanding planar plasma. This work is described by Verbraak et al. [25] and is
not included in this thesis.
Chapter 8 shows the potential of the OPO in biological and atmospheric applica-
tions. Supposedly, plants were a significant contributor of methane gas emissions,
which is the second most important gas for global warming. However, in an iso-
topic study involving several Dutch research groups, no evidence was found for
the methane production by terrestrial plants.
The majority of the achievements that are reported on in chapters 4 to 8 were
accomplished in the final 1.5 years of research. The reader should however bare
in mind that a lot of efforts had to be made to arrive at this stage. Fellow
researchers that have worked with experimental lasers will know how difficult it
is to keep their coherent sources running at the specifications required for their
experiments. You can imagine that combining such a laser with a second order
nonlinear process is an even tougher job. Especially for continuous wave OPO’s,
which have a high power threshold for operation, each optical element, alignment
and operational environment must be perfect. This may well be the reason why
already for decades the cw OPO has been the acclaimed successor of the dye and
other mid-IR lasers, but until now only a few groups in the world have actually
been able to use OPO’s for applications.
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In the beginning of this research, days and even weeks had to be spend aligning
the OPO and when it finally ran at a ‘meager’ 100 mW, quick attempts had
to be made to perform some spectroscopic measurements using photoacoustics
or another method. It was very unlikely then that the OPO would work for
more than a day. The slightest change in circumstances (e.g. alignment, lab
temperature) could halter the conversion into mid-infrared light and often the
complete alignment had to be redone.
As mentioned, parametric oscillation and especially the continuous wave case, is
a critical process. A lot of time was spent to characterize the OPO to improve
its stability and power. First the cause was sought in the alignment. Therefore
the pump beam profile was characterized by cutting it at different places with a
knife edge and thus determining the spatial profile and the focus. From this the
OPO cavity dimensions were recalculated and mode matched to the pump laser.
The OPO was then constructed according to these calculations. However, this did
not improve the performance of the OPO. In fact, several cavity dimensions were
utilized afterwards with cavity pathlengths ranging from 40 to even 55 cm and this
did not have any significant effect on the OPO. The crystal was also translated
along its longitude (∼ 1.5 cm) to change the position of the pump beam focus,
but this too did not have a significant impact on the OPO. Eventually, it could
be concluded that theory and calculations only can be used as a guideline, but
building and improving OPO’s depends on experimental results and experience.
During measurements of the pump beam profile of the Lightwave MOPA6000
pump laser, which by the way is quite a difficult job for the 1.064 µm at high power,
we regularly noticed that the beam was not Gaussian anymore and in fact showed
2 spots. The first time the laser could be sent back to the manufacturer, but soon
after the company was acquired by a larger laser firm and ceased support of this
laser, probably also because only two devices of this type were ever made. We thus
had to realign the laser ourselves about once a month. Since this also changed the
output beam, it had to be profiled and the OPO (and any spectroscopic detection
setup) had to be rebuilt.
At this stage the OPO would run for slightly longer periods at maximum powers of
0.5-1 W, but a degradation could be noticed in time. Power fluctuations of ∼ 50%
were not uncommon. It seemed that the OPO had a certain power threshold which
it had to pass, typically of a few 100 mW, where after the power would shoot up
to its maximum. In this operational mode, the OPO also has a different optimal
alignment. A cause of this effect is suspected to be in thermal effects within the
crystal, which however are very difficult to quantify and describe, since this would
require temperature and power measurements within the crystal itself.
We did try to find ways of improving the (thermal) stability and the performance
7of the OPO. To see if water vapor was absorbing the mid-IR light, the OPO was
placed in a closed box with a container of liquid nitrogen, so that the water would
be collected and the concentration in air would diminish. Also new, anti-reflection
coated lenses and different highly reflective and anti-reflective coated mirrors were
used. By replacing the ‘standard’ Periodically Poled Lithium Niobate crystal with
an MgO-doped one [26] in a cw OPO, dramatic improvements were obtained. The
OPO could be setup much easier; in the final years the complete OPO could be
accomplished within an hour, and the OPO would remain at high and constant
power for days without any need for adjustments. At this time a complicated
combination of tuning methods was automated in Labview to allow wide tuning
with continuous coverage over wavelength ranges of 450 cm−1 (chapter 4).
The OPO finally was ready for what it was intended for: spectroscopic trace gas
detection. Especially cavity ring-down spectroscopy, for which the alignment is
very critical, could be performed (chapter 4). The final design of the OPO was
embedded into a monolithic, aluminium, temperature controlled encasing to bring
the stability to an even higher level. At this point the whole setup of pump laser
and OPO was transported without problems to Leiden University for joint trace
gas experiments in a planar jet expansion (chapter 7).
The OPO’s endurance was tested once more during long experiments of several
weeks, where it made substantial contribution in the biological and environmental
science by demonstrating the absence of significant methane emissions by plants
(chapter 8).
Finally, the OPO was combined with a new fiber-amplified DBR diode laser cre-
ated by the University of Twente to transfer the wavelength agility and wide
spectral coverage to the 3− 5 µm region. Here Labview programs were developed
as well to tune the wavelength rapidly over wide ranges and to lock the wavelength
to a highly accurate wavelength meter via a feedback loop. The new trace gas
detection method quartz-enhanced photoacoustic spectroscopy was used here and
required a delicate alignment of the mid-IR light beam’s focus between the prongs
of a quartz crystal resonator (tuning fork), which were only 350 µm separated
from each other. This quartz-enhanced photoacoustic detector made optimal use
of the combination of high power in the mid-IR, wide tunability, programmed
wavelength access and kHz wavelength modulation frequency for noise-reduction
(chapter 5).

Chapter2
Optical Parametric Oscillator theory
2.1 Introduction
When an electromagnetic wave E propagates through a medium, a macroscopic
polarization P = ε0χE will be induced, where ε0 is the optical dielectric constant
of free space and χ the optical susceptibility. For conventional light sources or
linear optical materials, a susceptibility with only a linear dependency on the
electromagnetic field will be found. However, when an intense optical pump field
interacts with a crystalline medium possessing a nonlinear dielectric coefficient,
the optical susceptibility will display a higher order electromagnetic field depen-
dency. This leads to a variety of nonlinear optical effects, of which the second order
effects are the most widely studied and applied. In the presence of two interacting
fields at frequencies ω1 and ω2, the most common second order nonlinear effects
are sum frequency generation (ω1+ω2), difference frequency generation (ω1−ω2)
and second harmonic generation (2ω1 and 2ω2). In all three cases the wavelengths
are uniquely related to the frequencies of the two input fields. The optical para-
metric process, which is also a second order effect, differs in that a continuous
range of frequencies ωs and ωi can be generated from a single input frequency
ωp, such that ωp = ωs + ωi. In this case the field at ωp is called the pump and,
according to convention, the field with the higher frequency ωs is termed the sig-
nal and the field with the lower frequency ωi the idler. The in principle infinite
ways of dividing the pump photon into pairs of photons is what makes the optical
Published partially as: “Photoacoustic spectroscopy using continuous wave optical parametric
oscillators”, A.K.Y. Ngai, S.T. Persijn, M.M.J.W. van Herpen, S.M. Cristescu, and F.J.M.
Harren, Middle Infrared Coherent Sources and Applications, NATO Science Series, Springer,
Dordrecht (2007)
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parametric oscillator so attractive as a source of tunable coherent light.
2.2 Historical review
The first experimental observation in the field of nonlinear optics was by Franken
et al. [26] in 1961, who demonstrated second harmonic generation of a 694 nm ruby
laser in a quartz crystal. Shortly after in 1962, Armstrong et al. [27] presented
the paper “Interactions between Light Waves in a Nonlinear Dielectric” in which
the foundations were laid for the field of nonlinear optics. The work included most
of the principles of phase-matching and quasi-phase-matching, of which the latter
would be of great importance to continuous wave optical parametric oscillators. In
1962, Giordmaine [28] and Maker [29] followed with the principle of birefringent
phase-matching, which nowadays is the most common form of phase-matching.
By 1965 the first pulsed OPO had been demonstrated by Giordmaine and Miller
[30] by pumping a 0.54 cm long LiNbO3 crystal at 532 nm. The first continuous
wave operation was achieved by Smith et al. [31] in 1968 with a 3 mm long
Ba2NaNb5O15 crystal at a similar pump wavelength, resulting in a total signal
and idler power of 1.5 mW between 0.98 and 1.16 µm. The absence of suitable
pump laser sources with sufficient intensity and the lack of nonlinear materials
with good optical properties and sufficiently high damage thresholds hampered
further progress in the field [32].
It was not until 1992 that an important development took place in the form of pe-
riodically poled lithium niobate (PPLN) [33]. The advent of quasi-phase-matched
nonlinear materials made it possible to reach much higher conversion efficiencies,
as was shown by Bosenberg et al. [34] in 1996 with the first continuous wave,
singly resonant OPO based on PPLN. This simple, two mirror OPO enclosing a
5 cm PPLN crystal, was pumped with a 13 W Nd:YAG laser and provided up to
1.2 W of idler power in the 3.11-3.98 µm range.
2.3 Optical Parametric Generation, Amplification and Oscillation
The optical parametric process is a three-wave mixing process of a pump, signal
and idler field, of which the frequencies are determined by two conditions. The
first is the conservation of energy, which can be written as
ωp = ωs + ωi (2.1)
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where ωp, ωs and ωi are the pump, signal and idler frequencies, respectively. The
second is the conservation of momentum or the phase-matching condition given
by
kp = ks + ki +∆k (2.2)
in which kj = (njωj/c)kˆ, (j = p, s, i) are the k wave vectors of the pump, signal
and idler fields and ∆k is the phase-mismatch parameter.
If we assume collinear waves and a zero-phase-mismatch ∆k = 0 for a moment,
then equations (2.1) and (2.2) can be written as
ωi =
np − ns
ni − ns ωp (2.3)
This equation shows that changing the refractive indices nj of the pump, signal
and idler wavelengths will force the idler wavelength to tune and thus illustrates
ways of tuning OPO’s. A change in refractive index can be achieved on several
ways, such as crystal rotation, changing the crystal temperature and applying
electric fields to the crystal.
At a microscopic scale, the nonlinear optical effect is very small, i.e. compared to
the linear effect, the second order nonlinear interaction is ∼ 10−8 times weaker. To
be able to see such a small effect, it is imperative that the waves that are generated
throughout the nonlinear medium, add up coherently through the entire crystal.
This will occur when the phase velocities of the generated wave and the incident
fundamental wave are matched.
The optical parametric process can be explained in a few steps. It starts with
optical parametric generation, when an intense optical pump field travels into a
nonlinear crystalline medium. The next step is spontaneous parametric genera-
tion, in which a signal and idler photon are created from a pump photon. This
process can also be seen as the inverse of sum-frequency generation. Once a signal
field and the corresponding idler field, are generated, optical parametric ampli-
fication can start. This is a repeated difference frequency process in which the
signal field mixes with the pump field to form an idler. In turn, this idler field
will interact with the pump field to form a signal and so on.
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2.4 Coupled wave-equations
At a more fundamental level, the parametric process can be understood by con-
sidering the nonlinear wave equation for the three optical fields propagating in a
nonlinear medium along the z-axis, in which the generated polarization acts as a
driving term
∂2E
∂z2
+ µ0ε
∂2E
∂t2
= −µ0∂
2P
∂t2
(2.4)
In this equation the electric field E is given by
E(z, t) =
1
2
[
E(z, ω)ei(kz−ωt) + cc
]
(2.5)
and the induced polarization P can be represented as the following expansion
P = ε0
(
χ(1)E+ χ(2)E2 + χ(3)E3 + . . .
)
(2.6)
where χ(1) is the linear susceptibility, χ(2) is the second order nonlinear suscepti-
bility etc. For the analysis of optical parametric oscillation only the second order
nonlinear response will be taken into account. The polarization can hence be
written as P(2) = ε0χ(2)E2.
By assuming plane waves traveling in the z-direction, a set of coupled mode-
equations can be written to describe a three wave mixing process:
d
dz
Ei + αiEi = iκiEpE∗se
i∆kz
d
dz
Es + αsEs = iκsEpE∗i e
i∆kz (2.7)
d
dz
Ep = iκpEsEie−i∆kz
where αs and αi are is the absorption at each of the wavelengths, κj = ωjdeff/njc,
nj is the refractive index, and deff = χ
(2)
eff /2 is the effective nonlinear coefficient
which represents the appropriate combination of nonlinear tensor elements in the
parametric process.
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A relationship between the coupled wave-equations in (2.7) can be found that de-
scribes the flow of power at the different frequencies when the energy is conserved.
At zero phase-mismatch (∆k = 0) this is given by:
− 1
ωp
dIp
dz
=
1
ωs
dIs
dz
=
1
ωi
dIi
dz
(2.8)
where I(z, ω) = 12ncε0 |E(z, ω)|2 is the intensity in W/m2. This relationship is
also known as the Manley-Rowe equation [35] and shows that for every photon
converted from the pump field a signal and a corresponding idler photon are
generated.
2.5 Optical Parametric Gain and oscillation threshold
The coupled wave-equations form the basis of the OPO theory. From these equa-
tions the parametric gain and oscillation threshold can be determined. In this
section the most important equations will be given to provide a global under-
standing of the parametric process and the impact of the different parameters.
They are based on more comprehensive treatments of the nonlinear theory in
general and optical parametric oscillators by Harris [32], Zernike [36], Byer [37],
Tang [38] and Ebrahim-Zadeh [39].
After the first interaction of the pump field with the nonlinear crystal the signal
and idler fields are generated from the parametric noise. The growth of the signal
and idler intensities when they propagate through the nonlinear crystal are given
by the single pass gain. Since the expressions for the signal and idler fields that
come from the coupled wave-equations are identical, the subscripts for the signal
and idler are interchangeable. The expressions for the signal field that follow
thus are the same for the idler field. In most cases of parametric oscillation, and
certainly for continuous wave OPO’s, the gain will be small and is then given by
Gs(l) ' Γ2l2
[
sin(∆kl/2)
∆kl/2
]
(2.9)
Here l is the crystal length and Γ is the parametric gain coefficient
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Γ2 = κsκi |Ep|2
=
ωiωsd
2
eff |Ep|2
ninsc2
=
2ωiωsd2eff
ninsnpε0c3
Ip (2.10)
An OPO has to overcome an oscillation threshold to produce and maintain a
signal and idler field output. This threshold is determined by the round-trip field
losses s and i for the signal and idler frequency, respectively. For the case of a
singly resonant oscillator with only the signal frequency resonant, the threshold
condition is
Γ2l2 ' 2αsl (2.11)
For a typical round-trip loss of αsl = 2% in a singly resonant oscillator with a
LiNbO3 crystal of length l = 5 cm, Γ2l2 = 4×10−2. The pump intensity threshold
can then be calculated from equation (2.10). For an oscillator pumped at 1.064
µm, signal wavelength of 1.56 µm and idler wavelength of 3.34 µm, the refractive
indices are ni = 2.15, ns = 2.21 and np = 2.23. The effective dielectric coefficient
for LiNbO3 is deff = 5.9 pm/V. This results in a pump threshold intensity of
8.5 × 10−2 MW/cm2, or a pump power of 4 W (effective beam area: 12piw20 =
4.8× 10−5 cm2).
To determine the gain and oscillator threshold for an optical parametric oscillator
the Gaussian beam profiles should be taken into consideration. In practice this
means that the pump beam has to be properly focused and mode matched to
the OPO. The Gaussian beams also affect the gain and threshold of parametric
oscillators, since the pump beam is focused to increase the parametric gain. The
single-pass gain in a singly resonant oscillator in which only the signal wavelength
is resonant, is then given by [40]
G =
4ωiωsd2eff l
2
ninsnpε0c3
Pp
pi(w2p + w2s)
(2.12)
where Pp is the pump power and wp and ws are the Gaussian beam radii for the
pump and signal, respectively. Applying the threshold condition from equation
(2.11) to the single-pass gain, results in a pump threshold of
Pp,th =
piε0c
3ninsnp
(
w2p + w
2
s
)
2ωiωsd2eff l
2
αs (2.13)
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When the same parameters for the plane wave approximation of the oscillation
threshold are used, the pump threshold is 8 W with Gaussian beam radii of 55
µm for both the signal and idler.
2.6 Quasi-Phase-Matching
Until recently most OPO’s made use of conventional birefringent phase matching.
This form of phase-matching makes use of the natural birefringence in certain
crystals. Light propagating along any direction (except along an optical axis) will
experience two different refractive indices at orthogonally polarized directions of
each other. The propagation direction can then be chosen such that the bluest
wave has the smallest refractive index and at least one of the redder waves has the
opposite polarization. By adjusting the propagation angle, the waves can thus be
exactly phase-matched to each other. The birefringent phase-matching technique,
however, is limited by features such as Poynting-vector walk-off, low effective
nonlinear coefficients, and inconvenient phase-matching temperatures and angles.
Another form of phase-matching is quasi-phase-matching [33; 41–43] in which a
material is used with a spatially modulated nonlinear coefficient. Quasi-phase-
matching offers a significant advantage in that any interaction within the trans-
parency range of the material can be non-critically phase-matched at a specific
temperature. The interacting beams are thus aligned so that they propagate along
some axis of the birefringent nonlinear crystal and the crystal temperature can
be adjusted to match the phase velocities of the beams. Furthermore, the inter-
acting waves can be chosen so that coupling occurs through the largest element
of the second order nonlinear susceptibility tensor. For example, in congruent
LiNbO3 birefringent phase-matching normally uses the d31 = 5.9 pm/V nonlinear
coefficient, while quasi-phase-matching can make use of the much higher d33 = 27
pm/V coefficient.
For a periodically poled crystal in which the sign of the nonlinear coefficient is
periodically reversed and which has a 50% duty factor (e.g. for Periodically Poled
Lithium Niobate), the effective nonlinear coefficient is
dQPM =
2
pi
deff (2.14)
and the phase-mismatch is given by
16 Chapter 2
∆kQPM = kp − ks − ki − 2piΛ (2.15)
where the period Λ is twice the coherence length lc for the same process in single-
domain material:
Λ = 2lc =
2pi
kp − ks − ki (2.16)
In lithium niobate typical poling periods are between 28 and 32 µm.
For low and moderate pump conversion dQPM and ∆keff can be substituted for
the effective nonlinear coefficient deff and the phase-mismatch ∆k in equations
(2.14) and (2.15). The parametric gain (2.12) can thus be written as
G =
4ωiωsd2QPMl
2
ninsnpε0c3
Pp
pi(w2p + w2s)
(2.17)
and the pump threshold (2.13)for quasi-phase-matching is given by
Pp,th =
piε0c
3ninsnp
(
w2p + w
2
s
)
2ωiωsd2QPMl2
αs (2.18)
For the same parametric oscillator as in the previous examples, the pump thresh-
old for a quasi-phase-matched crystal would reduce to 1 W. In practice, the thresh-
old of a singly resonant, continuous wave OPO lies between the 1.5 and 3.5 W
[13; 14; 44; 45]. This is primarily caused by a higher round-trip loss and imperfect
mode matching.
2.7 Wavelength tuning methods
One of the main advantages of OPO’s compared to other laser systems is their wide
tunability, which means that they can cover a wide range of molecular absorptions.
Here, we will distinguish two categories of tuning ranges, namely total tuning
range and continuous tuning range. The total tuning range is the total range of
available wavelengths that the OPO can generate. However, if the total tuning
range of a laser system is said to be from 3.0 to 3.5 µm, this does not necessarily
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Figure 2.1: Signal (1475-1739 nm) and idler (2746-3829 nm) wavelengths of the OPO
vs. temperature of a MgO-doped PPLN crystal for poling periods 29.0-31.5 µm. The solid
lines are the calculated values from SNLO [22].
mean that it is able to generate any wavelength within this range. Good examples
of this are the line-tunable CO and CO2 lasers, which can only generate specific
wavelengths within their operation range. For the OPO the total tuning range is
achieved by tuning of the poling periods and temperature of the crystal (Figure
2.1), but also pump tuning can be used for this, depending on the pump source
that is used.
The continuous tuning range is the wavelength range in which the OPO is able
to generate any wavelength without any mode hops. This range is important for
high-resolution spectroscopy; a continuous tuning range is necessary over multiple
ro-vibrational absorption lines of a molecular compound. This can be achieved
using pump tuning, tuning of intracavity elements, or changing the length of the
cavity. Normally, at standard temperature and pressure molecular atmospheric
absorption lines in the infrared wavelength region are dominated by pressure
broadening. This means that absorption lines will have a FWHM of 0.2 − 0.3
cm−1. In order to measure such an absorption line accurately, it is not necessary
to be able to continuously tune the OPO, but it is sufficient to mode-hop tune the
OPO [15]. The steps will be small enough to get a good resolution of the scan.
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2.7.1 Tuning by changing the poling period and temperature
For a particular crystal grating period and temperature of the crystal, the idler
wavelength can be calculated from the Sellmeier equations using the SNLO soft-
ware program that has been developed at Sandia National Laboratories [46]. Tun-
ing by changing the grating period means that the crystal needs to be translated
through the OPO cavity. Translation needs to be done very carefully to prevent
the crystal from breaking when the pump beam hits a potentially damaged spot.
An additional problem with this tuning method is that sometimes the OPO cavity
may need to be re-aligned. Due to this, it is also difficult to automate translation
with a stepper motor.
Small variations in the temperature can be used to fine-tune the OPO system,
which effectively changes the refractive indices of the pump, signal and idler wave-
lengths (equation (2.3)); a 1◦C temperature change yields typically a change in
idler frequency of a few wavenumbers. However, this method of tuning will not
result in continuous tuning, because the signal frequency will be mode hopping
over the free spectral range of the OPO cavity. When there are unwanted fluctua-
tions in the temperature of the PPLN crystal, the generated idler wavelength will
also fluctuate [24]. Therefore, it is important to have a very good temperature
stability of the crystal oven.
2.7.2 Tuning with intracavity elements
The OPO’s which we investigate here consist of various optical elements, including
an intracavity etalon to stabilize and tune the OPO frequency. Figure 2.2 [19]
illustrates the use of an intracavity etalon in the OPO. The OPO cavity consists of
mirrors with a high reflectivity for the signal wavelength, so it is also a high-finesse
interferometer. This restricts the signal frequencies of the OPO to a certain set of
frequencies (cavity modes), given by the transmission peaks of the cavity (Figure
2.2C). Combined with the QPM gain curve (Figure 2.2A) one cavity mode will
be selected for OPO oscillation. However, if the restriction on the cavity modes
is not strong enough, the signal frequency is able to hop from one cavity mode to
another. In contrast to a laser cavity with a gain medium inside, an OPO cavity
will normally not oscillate simultaneously on several cavity modes. There is mode
competition, but once a cavity mode has reached threshold other cavity modes are
suppressed, as in a homogeneously broadened laser. Figure 2.2D shows how the
combined contributions of the cavity modes, etalon modes and QPM gain curve
select one mode with the highest transmission.
Solid etalons have found wide use in OPO’s to restrict the cavity modes enough
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Figure 2.2: Contributions to the total gain curve of the OPO due to: Panel A the QPM
phase-mismatch, Panel B the modes of the intracavity etalon within the OPO cavity and
Panel C the cavity modes of the OPO. Panel D shows all contributions multiplied, with
the highest transmission is indicated by a thick solid line. The transmission of the cavity
modes has been adjusted for better visibility. In reality they are closer together and very
narrow.
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to let the OPO operate at a single frequency. Typically, etalons with a low
reflectivity (∼ 10%) and hence low finesse etalons are used as high finesse etalons
result in too much loss inside the cavity. By rotating the etalon, the OPO can be
mode-hop tuned over the cavity modes. In a power enhanced SRO configuration,
Stothard et al. [47] used a low-finesse 1 mm thick YAG etalon with a FSR of 83
GHz with 10% reflectivity coating for the signal and antireflection coated at the
pump wavelength. They demonstrated a systematic hopping from one mode to
its adjacent mode over nearly the entire FSR of the etalon. In total in excess of
100 hops were observed. In our SRO configuration an uncoated YAG etalon with
a FSR of 207 GHZ and a reflectivity of 8% was selective enough to stabilize the
OPO cavity to a single mode. The maximum output reduces slightly from 1.6 to
1.5 W due to insertion of the etalon [19].
In contrast to solid etalons, air-spaced etalons have found limited use, as these
are much more difficult to align than solid etalons and lead to a considerable
increase in oscillation threshold. In addition, for high-resolution spectroscopy
length fluctuations of the air-gap should be minimized to prevent frequency drifts.
Bisson and co-workers [15] using a combination of an air-spaced intracavity etalon
and a fan-out grating demonstrated 14 cm−1 mode hop tuning with a single hop
ranging typically between 0.02 and 0.1 cm−1. Van Herpen et al. [48] achieved
100 GHz of mode hop tuning using an air-spaced etalon with a 20% reflectivity
coating. They observed an unexpectedly strong dependence of the idler output
power on the steering voltage of the piezo probably due to walk-off losses.
2.7.3 Pump tuning
Due to energy conservation, the generated signal and idler frequencies are widely
tunable if the pump frequency is widely tunable as well. With pump-tuning,
very wide tuning ranges can be obtained, because well-developed tuning methods
for the pump sources can be transferred to the generated idler frequency. Klein
and co-workers developed a single-frequency SRO directly pumped by a tunable
InGaAs diode laser [45]. Tuning the pump output from 924 to 925.4 nm resulted
in coarse tuning of signal and the idler wavelengths from 1.55 to 1.70 µm and from
2.03 to 2.29 µm, respectively. They achieved 56 GHz continuous pump-tuning for
the idler wave [17]. A drawback of this system was that the power of the amplified
diode laser radiation varied with frequency resulting in a one order of magnitude
change in idler power within the tuning range. Van Herpen et al. combined wide
pump tuning with a high power SRO [12]. Tuning of the idler frequency was
achieved by longitudinal mode-hop tuning of the pump source (FSR 100 MHz).
In this way an idler frequency scan of 100-150 GHz could be obtained, after which
the signal frequency hops ahead over the Free Spectral Range of the intracavity
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etalon of the OPO (207 GHz).
Recent advances show that fiber lasers are very promising for wide pump tun-
ing. Lindsay and co-workers obtained 110 GHz continuous tuning using a fiber-
amplified DBR laser [23]. In addition, using a fiber-based source Henderson and
Stafford achieved 60 GHz of continuous mode-hop-free tuning by applying a volt-
age to a piezo electric transducer attached to the fiber [49]. Recently, a record-high
continuous, mode-hop-free tuning range of 155 GHz and a continuous tuning range
of 0.5 THz was obtained by Ngai et al. [50].
2.7.4 Tuning by changing the cavity length
By synchronously changing the cavity length of the SRO and angle-tuning the
etalon, both signal and idler waves can be continuously tuned. Normally, this is
achieved by mounting one cavity mirror on a piezo and using electronics to control
the etalon angle or spacing. Stro¨ssner et al. [51] achieved 38 GHz tuning using
this approach. In a bowtie cavity, the tuning range is limited due to misalignment
at large mirror displacements. To extend the tuning range a skewed bowtie has
also been used. A 14 cm−1 idler tuning was achieved using a low-finesse air-spaced
intracavity etalon [15].
2.7.5 Wavelength coverage
The wavelength coverage that can be attained by SRO’s depends, amongst others,
on the transparency range of the crystals and the available pump power. The-
oretical models describe the tuning performance of cw SRO’s with strong idler
absorption [52; 53]. These models predict that significant parametric gain can be
generated even at strong idler absorption. Several groups have actually demon-
strated operation of SRO’s beyond 4.0 µm. For instance, van Herpen et al. [12]
using powerful pump lasers (11-15 W) could generate continuous wave idler wave-
lengths up to 4.7 µm. Using doubly resonant or pump enhanced SRO set-up the
tuning range can be extended due to the much lower threshold of such configu-
rations. For example, Turnbull and co-workers [54] built a pump-enhanced OPO
with a dual-cavity configuration that could operate up to 5.26 µm.

Chapter3
Spectroscopic methods for trace gas
detection
3.1 Introduction
Since ancient times humanity has searched for ways to understand processes oc-
curring in the environment, atmosphere or living organisms. Study of gaseous
compounds may shed new light onto chemical reactions taking place in the at-
mosphere or biochemical reactions inside organisms such as plants, animals and
human beings [1; 3; 4; 55; 56]. For this, the mid-infrared wavelength region
is of particular interest because highly specific vibrational transitions of many
molecules present strong absorptions that allow sensitive detection. To enhance
the sensitivity, appropriate optical detection schemes need to be selected. Here the
basics will be provided to understand the spectroscopic methods used with the op-
tical parametric oscillator: cavity ring-down spectroscopy, wavelength modulation
spectroscopy and (quartz-enhanced) photoacoustic spectroscopy. Afterwards, the
methods will be compared to each other and the advantages and disadvantages
are discussed.
Published partially as: “Photoacoustic spectroscopy using continuous wave optical parametric
oscillators”, A.K.Y. Ngai, S.T. Persijn, M.M.J.W. van Herpen, S.M. Cristescu, and F.J.M.
Harren, Middle Infrared Coherent Sources and Applications, NATO Science Series, Springer,
Dordrecht (2007)
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3.2 Absorption of light
Consider a molecule with two states E1 and E2 which have an energy difference
∆E = E2 − E1. When this molecule is subjected to light of frequency ν˜ (Hz) or
ν (cm−1) it can absorb a photon of energy hν˜ = hcν = ∆E and the molecule will
be excited from the lower state E1 to the higher state E2. This process is called
induced absorption [57; 58]. The strength of the absorption is determined by the
probability per second that a molecule will absorb a photon, which is related to
the Einstein coefficient of induced absorption B12.
In a basic direct absorption experiment, the absorption strength is measured by
transmitting light of frequency ν and initial intensity I0 through a cell containing
an absorbing gas. By measuring the emerging light intensity I(ν, L) while scanning
the frequency, an absorption spectrum is obtained.
The absorption of monochromatic light in the atmosphere is expressed by the
Lambert-Beer law [59; 60] as
I(ν, L) = I0 exp [−α (ν, T, p)PaL] (3.1)
where α(ν, T, p) is the absorption coefficient defined in cm−1 atmosphere−1, Pa is
the partial pressure of the gas in atmospheres (atm.) and L is the optical path
length in cm.
3.3 Spectral line widths and shapes
An absorption line is not strictly monochromatic, but will have a spectral dis-
tribution around the position of the transition. This shape is determined by the
line’s natural linewidth and a temperature and pressure dependence.
3.3.1 Natural Line Broadening
In the absence of external influences, an absorbing transition will have a natural
linewidth. This width is determined by the natural lifetime of the transition and
takes a Lorentz profile in its spectral energy distribution through the Heisenberg
uncertainty principle. Natural line broadening, however, is usually very small
(∼ 10 MHz) and therefore will be completely concealed by other broadening ef-
fects.
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3.3.2 Doppler Broadening
At lower pressures, one of the major contributions to the spectral linewidth in
gases is the Doppler width. The broadening is due to the thermal motion of
the absorbing molecules, which gives them different velocities across the transient
electro-magnetic wave. Each velocity will cause a certain Doppler shift of the
absorption frequency, giving rise to a Gaussian absorption profile
gD(ν − ν0) = 1
γD
√
ln 2
pi
exp
(− ln 2 (ν − ν0)2
γ2D
)
(3.2)
where ν0 is the frequency at line center in cm−1, ν is the source frequency and γD
is the Doppler halfwidth at halfmaximum (HWHM) in cm−1 given by
γD =
ν0
c
√
2RT ln 2
M
(3.3)
where R is the gas constant, T is the temperature in Kelvin andM is the molecular
weight of the molecule.
3.3.3 Pressure Broadening
The second large contributor to the linewidth is due to collisions between atoms
or molecules in a gas. When this occurs, there will be an exchange of energy,
causing the energy levels of the molecules to shift. Effectively, this will lead to
a broadening of the energy levels. Like natural line broadening, this form of
broadening is homogenous and produces a Lorentzian line shape given by
gL(ν − ν0) = γP
pi
1
(ν − ν0)2 + γ2P
(3.4)
where γP (p, T ) is the pressure-broadened linewidth (HWHM in cm−1).
3.3.4 The Voigt Line Profile
At atmospheric pressure, the pressure broadening will be predominant in deter-
mining the profile of an absorption line and at low pressures of a few mbar, the
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major contribution is from the Doppler broadening. However, there is a large
pressure range in which both the broadening effects should be taken into account.
This overall line shape is termed the Voigt profile, which can be expressed as the
convolution of the Gaussian and Lorentz profile and is given by
gV (ν − ν0, γP , γD) = gP ⊗ gD
=
√
ln 2a
pi3/2
∫ +∞
−∞
[− ln 2 (ν ′ − ν0)2/γ2D]
(ν − ν ′)2 + γ2P
dν ′ (3.5)
where a = γp/γD is the ratio of the component widths.
The line integral can only be evaluated numerically and therefore a much used
approach is to approximate the Voigt profile with a so-called pseudo-Voigt func-
tion, which is a weighted sum of the Lorentzian and Gaussian functions. The
contributions of each of the profiles can be based on a simple empirical analytical
approximation, as reported by Liu et al. [61]. The pseudo-Voigt profile is then
given by
gV (ν − ν0, γP , γD) = gV (ν − ν0, γV )
= cL gL(ν − ν0, γV ) + cG gG(ν − ν0, γV )
= cL
1
pi
γV
(ν − ν0)2 + γ2V
+cG
1
γV
√
ln 2
pi
exp
[− ln 2 (ν − ν0)2
γ2V
]
(3.6)
in which the Voigt width γV is calculated with the empirical expression of Olivero
and Longbothum [62], and the weight coefficients CL and CG are given by
cL = 0.68188(17) + 0.61293(31) · d
−0.18384(39) · d2 − 0.11568(44) · d3 (3.7)
cG = 0.32460(17) + 0.61825(31) · d
−0.17681(39) · d2 − 0.12109(44) · d3
where the dimensionless parameter d is defined as
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Figure 3.1: Pseudo-Voigt absorption profiles for a typical spectral line at 1 bar, 250
mbar, 100 mbar and 50 mbar. The transition can be seen from a Lorentzian line shape to
a Gaussian line shape.
d =
γL − γD
γL + γD
(3.8)
Figure 3.1 represents a typical absorption peak at 1 bar, 250 mbar, 100 mbar
and 50 mbar calculated with the pseudo-Voigt profile. A transition can be seen
from the 1 bar where pressure broadening is dominant, to the 50 mbar where the
absorption profile is determined by the Doppler broadening.
Using the pseudo-Voigt function in equation (3.6), the monochromatic absorption
coefficient k(ν, T, p) in [1/molecule cm−2] at wavenumber ν [cm−1] due to the
transition of a spectral line at ν0is then given by
k(ν, T, p) = S(T ) gV (ν − ν0, γP , γD) (3.9)
The dimensionless optical depth τ(ν, T, p) is formed by multiplying the absorption
coefficient by the number density of absorbing molecules per unit path length u
28 Chapter 3
[molecules cm−2], such that
τ(ν, T, p) = u k(ν, T, p) (3.10)
The absorption coefficient α(ν, T, p) in equation (3.1) can be calculated as
α(ν, T, p) = S(T ) gV (ν − ν0, γP , γD)N (3.11)
where N = NL [296/T ] is the total number of molecules of absorbing gas per cm3
per atmosphere, NL = 2.479×1019 molecules cm−3 atm−1 is Loschmidts’ number
and T is the temperature in Kelvin.
The absorption [cm−1] is defined as α(ν, T, p)Pa, with Pa the partial pressure in
atm. Finally, the transmission is given by
T =
I (ν, L)
I0
= exp [−α(ν, T, p)Pa L] (3.12)
and the absorbance is given by
A = log10
[
I0
I (ν, L)
]
(3.13)
3.4 Continuous wave Cavity Ring-Down Spectroscopy
Several methods exist to enhance the sensitivity to the ppbv (parts-per-billion by
volume) level required for trace gas detection. One of these methods is continuous
wave cavity ring-down spectroscopy (CRDS) [63–66], which makes use of a high-
finesse optical cavity consisting of high reflective mirrors (∼ 99.98% for the mid-
infrared). When light is coupled into the cavity, it will travel an extremely long
path of ∼ 3 km. This is what provides this method its high sensitivity. The
main difference of CRDS compared to direct absorption, is that it is the rate of
absorption that is measured rather than the magnitude of the absorption.
For the continuous wave variant of the technique, a light source is mode-matched
to the TEM00 mode of the ring-down cavity (Figure 3.2). To ensure a periodic
resonance between the light and the cavity, either the laser wavelength or the
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Figure 3.2: Schematic representation of continuous wave cavity ring-down spectroscopy.
Light is coupled into the ring-down cavity through an acousto-optic modulator (AOM). The
light leaking out of the cavity is detected with a fast photodetector. As soon as an intensity
threshold is reached, the AOM deflects the incoming light beam and an exponential decay
can be observed representing the absorption of the gas species.
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length of the cavity is periodically varied. Typically at least one free spectral
range is covered in the scan so that a resonance in each period is guaranteed.
When the cavity is in resonance with the light, the intensity within the cavity
will build up. As soon as a certain intensity threshold has been reached, an
acousto-optic modulator (AOM) is used to shut off the incoming light beam and
an exponential decay is measured with a decay or ring-down time τ(ν) given by
τ(ν) =
d
c [(1−R) + α(ν)l] (3.14)
where d is the distance between the two cavity mirrors, c is the speed of light,
R is the reflectivity of the mirrors, α(ν) is the absorption coefficient and l is the
effective absorption path length. When the total cavity is filled with the absorbing
species, the distance d and path length l will be equal to each other. However,
this is not always the case. For example, when CRDS is used for the detection of
species in a jet expansion [25; 67; 68].
The background ring-down time is defined as τ0(ν) = d/c (1−R) and typically has
a value of ∼ 13 µs in the mid-infrared spectral region for a cavity length d = 50
cm and a mirror reflectivity R = 99.98%.
3.5 Wavelength Modulation Spectroscopy
In most cases direct absorption can not provide the required sensitivity. One way
to acquire a better sensitivity is to use a multi pass absorption cell [69; 70] to
increase the effective optical absorption path length to tenths of meters. Even
better detection limits can be obtained by combining the multi-pass cell with
a modulation technique, such as Wavelength Modulation Spectroscopy (WMS)
[57; 71–73]. Originally WMS was designed for microwave spectroscopy where it is
a standard method. However, now it is also commonly used in laser spectroscopy
for fast and ultra sensitive trace gas detection applications [6; 11; 24; 74–76].
The advantages of WMS are firstly that a difference signal is produced which is
directly proportional to the species concentration (zero baseline technique) and,
secondly that the detection band can be shifted to a high-frequency region, thereby
offering a higher signal-to-noise ratio and thus higher sensitivity.
For WMS the wavelength of the laser νL is modulated at a modulation fre-
quency fM with modulation amplitude ∆ν. The instantaneous wavelength thus
is ν = νL cos(fM t) (Figure 3.3). An absorption spectrum is recorded by tuning
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Figure 3.3: Wavelength modulation spectroscopy of an absorption peak at ν0. When
the modulated laser frequency at νL probes the absorption feature, part of the wavelength
modulation is converted into an amplitude modulation ∆α, which is subsequently detected
with a fast photodetector. Phase-sensitive detection of the first and second harmonic
results in a WMS signal that is proportional to the first and second derivative, respectively.
the modulated laser wavelength while detecting the intensity I(νL, t) of the light
transmitted through the absorption cell. This detected intensity can be expressed
as a Fourier series expansion:
I(νL, t) =
∞∑
n=0
An(νL) cos(nfM t) (3.15)
where An(νL), (n > 0) are the harmonic components.
By using phase sensitive detection with a lock-in amplifier, an individual harmonic
component can be measured. For a modulation amplitude much smaller than the
absorption linewidth, the individual harmonic components An(νL), (n > 0) are
expanded in a Taylor series of the absorption coefficient α(ν) as
An(νL) =
I021−nPaL
n!
∆νn
dnα
dνn
∣∣∣∣
ν=νL
(3.16)
where Pa is the partial pressure in atm. and L is the total absorption path
length. Equation (3.16) shows that the nth detected harmonic component An(νL)
is proportional to the nth derivative of the absorption feature (Figure 3.3).
In practice a small modulation amplitude would give a very low sensitivity. Nor-
mally, the amplitude is taken to be the full width at half maximum of the absorp-
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tion peak to maximize the WMS signal. Even in this case it is found that equation
(3.16) can be used and the signal is qualitatively similar to the derivative of the
absorption line shape.
3.6 Photoacoustic and Quartz-Enhanced Photoacoustic
Spectroscopy
In a typical photoacoustic setup, a light beam is modulated by a chopper at a cer-
tain frequency and is directed into a photoacoustic cell containing the gas sample.
If the laser wavelength is tuned to an absorbing molecular transition, molecules
will be excited into an upper rotational-vibrational transition. By collisions with
other atoms or molecules, these excited molecules may transfer their excitation
energy into translational energy of the collision partners. At thermal equilibrium,
this causes an increase of thermal energy, resulting in a rise of the temperature
and pressure inside the cell. To enhance the photoacoustic signal a resonant cell
can be used. This acts like an organ pipe, with the chopping frequency of the laser
beam matching the resonance frequency. In this way, it amplifies the generated
sound wave; the sound wave is transformed to an electronic signal by a sensitive
microphone placed inside the resonator tube. A lock-in amplifier further amplifies
and demodulates this signal. The strength of the photo acoustic signal S (in V )
is given by [2; 77]:
S = P ·R · Pa · α (3.17)
with P the laser power (W), R the cell responsitivity (V·cm/W), Pa the partial
pressure of the absorbing gas (atm.), and α the absorption coefficient (atm−1cm−1).
Important about equation (3.17) is that the photoacoustic signal linearly depends
on the concentration of the molecules. Furthermore, it also linearly depends on
the power of the laser source, which means that a significant sensitivity is gained
using high power sources. To exploit the OPO as a broadly tunable, high power
mid-IR source for an ultra-sensitive photoacoustic spectrometer, it is important
to achieve the highest possible idler power.
Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) [78; 79] is a relatively
new variation on photoacoustic spectroscopy. Instead of a conventional micro-
phone, QEPAS makes use of a quartz tuning fork for the detection of the built-up
acoustic wave. This piezoelectric crystal finds its origin in electronic clocks as
frequency standard and therefore is designed to have a resonance frequency of
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32.768 (= 215) Hz.
In most cases wavelength modulation is applied for QEPAS in combination with
2f -detection. In contrast to amplitude modulation, which is normally used with
conventional PAS, the intensity is not varied so that background noise originating
from spectrally non-selective absorbers is suppressed. One of the main advantages
of QEPAS in combination with an OPO, is the small volume (∼ 1 mm3) of the gas
cell. This makes it possible to analyze minute gas quantities and follow dynamic
changes in concentration.
3.7 Comparison of the spectroscopic detection schemes
Each of the spectroscopic detection methods can offer the sub-ppbv sensitivities
required for trace gas detection [3]. However, they also have their own advantages
and disadvantages, which should be considered carefully for each specific appli-
cation. When the experiment for example requires determining absolute absorp-
tion values, cavity ring-down spectroscopy or direct absorption with multi-pass
enhancement is preferred. These two methods and wavelength modulation spec-
troscopy would also be good choices if highly dynamic processes will be studied,
since they require a short measurement time per point. However, the required gas
volume of these methods is quite large (∼ 300 ml) which can be an obstruction
for small gas samples. In that case it can be better to use photoacoustic spec-
troscopy or quartz-enhanced photoacoustic spectroscopy, which have a volume of
30 ml and 10−3 ml, respectively. The photoacoustic detection schemes also have
the advantage of having a very broad spectral usefulness, covering the entire idler
wavelength range of the OPO. In Table 3.1 the characteristics of the detection
schemes are compared to each other.
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Automatically tunable continuous wave
optical parametric oscillator for
high-resolution spectroscopy and
sensitive trace gas detection
Abstract
We present a high power (2.75 W), broadly tunable (2.75 − 3.83 µm) continu-
ous wave Optical Parametric Oscillator based on MgO-doped Periodically-Poled
Lithium Niobate. Automated tuning of the pump laser, etalon, and crystal tem-
perature results in a continuous wavelength coverage up to 450 cm−1 per poling
period at < 5× 10−4 cm−1 resolution. The versatility of the Optical Parametric
Oscillator as coherent light source in trace gas detection is demonstrated with
Photoacoustic and Cavity Ring-Down Spectroscopy. A 17 cm−1 wide CO2 spec-
trum at 2.8 µm and multi-component gas mixtures of methane, ethane and water
in human breath were measured using photoacoustics. Methane (at 3.2 µm) and
ethane (at 3.3 µm) were detected using Cavity Ring-Down Spectroscopy with de-
tection limits of 0.16 and 0.07 parts per billion volume, respectively. A recording
of 12CH4 and 13CH4 isotopes of methane shows the ability to detect both species
simultaneously at similar sensitivities.
Published as: “Automatically tunable continuous-wave optical parametric oscillator for high-
resolution spectroscopy and sensitive trace-gas detection”, A.K.Y. Ngai, S.T. Persijn, G. von
Basum, and F.J.M. Harren, Applied Physics B-Laser and Optics 85, 173 (2006)
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4.1 Introduction
The detection of trace gases plays an important role in atmospheric and life science
research. For instance, to have a proper understanding of global warming, it is
important to understand the processes that govern the climate system [80]. Two
very important greenhouse gases that are influenced by anthropogenic activities
are carbon dioxide and methane. Only recently, Keppler et al. reported to have
found that plants are responsible for significant methane emissions [81]. Although
highly sensitive detection methods are necessary to determine the minute quanti-
ties of methane that are produced by an individual plant, the total contribution
of plants can have important implications for the global methane budget. Also in
life science carbon dioxide and methane are indicators of all kinds of processes.
For example, the respiration of insects can be monitored by detecting carbon diox-
ide trace emissions [82] and methane has been detected to study the behavior of
plants [83], insects [84] and humans [85].
Trace gas detectors based on laser spectroscopy are ideal instruments for detecting
low quantities of multiple gases with high species selectivity. For this, challenging
properties are needed in the form of novel coherent mid-infrared sources and
detection methods. The envisioned high sensitivity for trace gas species requires
low-noise light sources with high power (Watt level). A high spectral selectivity
for molecular gasses and the total-profiling capability require a maximum coverage
of the molecular fingerprint region (2-20 m), with sufficient spectral resolution (¡
100 MHz). In addition, for a fast detection time response such novel mid-infrared
sources have to provide superior wavelength agility. Such demanding properties
can be met using continuous wave Optical Parametric Oscillators (cw OPOs)
[14; 17; 23; 44; 86; 87] in combination with sensitive spectroscopic techniques like
photoacoustic spectroscopy [1; 15; 79; 88; 89] or cavity ring-down spectroscopy
[63; 90–92].
Photoacoustic spectroscopy is a technique whose sensitivity lies in a proper,
adapted design of the photoacoustic gas cell to the coherent light source. The
sensitivity scales with power, so to be able to detect sub-ppbv (part per billion
volume, 1 : 109) concentrations a high power (Watt level) coherent light source
is necessary, such as a continuous wave Optical Parametric Oscillator. Cw OPO
photoacoustic spectroscopy gives a sensitive trace gas detection method with a
very large dynamic range (108) and easy alignment.
With continuous wave Cavity Ring-Down Spectroscopy (cw CRDS) similar trace
gas sensitivities can be reached. It has two advantages over photoacoustic spec-
troscopy. Firstly, this technique directly detects the absorption strength, while
photoacoustic spectroscopy produces an acoustic signal that is linked to absorp-
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tion. Secondly, the method is independent of light power, which makes it very
useful in combination with low power lasers. However, the sensitivity of CRDS
depends on the high reflectivity of the cavity mirrors, which is a disadvantage.
Mirrors are required with a very high reflectivity (> 99.98%) that can only be
maintained over shorter wavelength regions of approximately 100 nm (in the mid-
infrared). Also, the high finesse of the cavity requires good mode-matching and
thus very precise alignment of the cavity to the coherent source. Finally, the
dynamic range of cavity ring-down spectroscopy is limited by the long effective
path length in the cavity of several kilometers. For gases with strong absorptions
in the mid-infrared region, such as methane, a typical maximum concentration of
100 ppbv can be reached when measuring a single absorption feature (for photoa-
coustic spectroscopy typically 1000 ppmv). The dynamic range of both methods
could be extended by monitoring a spectral window containing absorption lines of
different strengths. However, this sometimes requires scans over wider wavelength
ranges.
Here we report on a continuous wave, singly resonant, optical parametric oscil-
lator in combination with both photoacoustic spectroscopy and cavity ring-down
spectroscopy. In contrast to our former cw OPO setups [82] a periodically poled
lithium niobate crystal with MgO-doping (PP-MgO-LN) has been utilized, re-
sulting in a substantial increase in power stability. While a change in wavelength
of 1 cm−1 could require realignment of the entire cavity in the previous setup,
the OPO now gives steady output power in the order of 1 Watt for the entire
wavelength range. This has made automatic scanning of the OPO over large
wavelength ranges at high resolution feasible. In the past, high resolution scans
(< 300 MHz) have been reported by various groups over limited wavelength ranges
[14; 87; 91]. Also broadly tunable (10 cm−1) OPO’s have been reported before
using the translation of a fan-out Periodically Poled Lithium Niobate (PPLN)
crystal in combination with a rotating etalon [15]. However, translation of the
PPLN crystal can affect the OPO performance, because in time bad spots (local
damage) occur in almost all PPLN crystals. Cw OPO’s that are able to scan
over hundreds of GHz at a resolution < 5 × 10−4 cm−1 have not been reported
yet. Here we have demonstrated such wide, high resolution scans by applying a
combination of tuning techniques in a high power OPO, based on PP-MgO-LN.
The versatility and sensitivity of this system for trace gas detection of several
species and multiple-component gas mixtures has been shown with Photoacoustic
and Cavity Ring-Down Spectroscopy.
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Figure 4.1: Experimental setup of the cw singly-resonant OPO combined with continuous
wave cavity ring-down spectroscopy. The OPO cavity is resonant for the signal wavelength.
The idler beam is sent to a cw ring-down cavity and to a wavemeter. (HWP: half wave
plate, PBS: polarizing beam splitter, PP-MgO-LN: MgO-doped periodically poled lithium
niobate).
4.2 Experimental setup
The singly resonant OPO cavity consists of a standard four-mirror bowtie ring
design (Figure 4.1) [14; 48]. An MgO-doped Periodically Poled Lithium Niobate
(PP-MgO-LN) crystal is placed between two concave mirrors (ROC= 10 cm). The
remaining two mirrors are flat. All mirrors are highly transparent for pump and
idler, and highly reflective for the signal wavelength (99.8% R at 1350-1500 nm).
The OPO is pumped by a single frequency Master Oscillator-Power Amplifier
system (Lightwave M6000), which generated as much as 11.5 W at 1.064 µm and
could be continuously tuned over 48 GHz. This laser combines a narrow linewidth
(5 kHz over 1 ms) with a high frequency stability (50 MHz/h) and an excellent
beam quality of M2 < 1.1 in a TEM00 spatial mode. A half wave plate (HWP)
and polarizing beam splitter (PBS) were placed after the pump laser to be able
to control the pump power without causing any thermal disturbances in the laser.
In contrast to previous experiments an MgO-doped (5 mol%) congruent PPLN
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crystal (50 × 8.4 × 0.5 mm) with poling periods ranging from 29.0 to 31.5 µm
(HC Photonics) was used. Doping with MgO renders several advantages, such as
a three orders of magnitude higher damage threshold and a wide operating tem-
perature range [93]. The reason for this is a higher photoconductivity which re-
duces the photorefractive damage of the crystal, and a reduction of green-induced
infrared-absorption [94]. The power stability during temperature tuning of PP-
MgO-LN is much better as compared to undoped material, where the OPO often
ceased operation.
To control the cavity modes of the OPO, an uncoated 400 µm thick solid YAG
etalon (free spectral range 207 GHz) was mounted on a galvo-driver inside the
OPO cavity. With etalon and without any form of active stabilization we observed
a frequency stability of 4.5 MHz over 1 s by averaging the mode spectrum of a
high finesse cavity and 200 MHz over 300 s. Since the wavelength is continuously
monitored at high resolution via a wavemeter, only the short-term drift over 1
second is important for the recorded spectra. A linewidth of 7 kHz over 20 µs
was observed, which was determined by analyzing the monochromatic light in the
scanning high finesse ring-down cavity (free spectral range = 253 MHz, Finesse
= 18500, linewidth = 14 KHz) following Mu¨ller et al. [95]. The idler and signal
frequency can be tuned between 2.75-3.83 µm and 1.47-1.73 µm, respectively, as
was measured using a Burleigh WA-1000 wavemeter and an Advantest Q8382
optical spectrum analyzer. The tuning range was limited by the mirror coatings
of the cavity for the signal [13]. The maximum idler output power of the OPO is
2.75 W.
For the trace gas experiments we used a photoacoustic cell similar to the one
described by Herpen et al. [48]. The acoustic resonator has an inner radius of 2
mm and a length of 300 mm. The idler beam of the OPO was amplitude modu-
lated at 560 Hz, exciting the lowest longitudinal mode of the acoustic resonator
[96]. Three electret microphones (Knowless EK3024) mounted at the center of
the acoustic resonator, were used to detect the acoustic signal. The resonant
acoustic enhancement combined with narrow bandwidth lock-in detection enables
ultra-sensitive detection at sub-ppbv levels.
The setup for cw CRDS (Figure 4.1) consists of a germanium acousto-optic modu-
lator (AOM, 100 MHz), a ring-down cavity (L = 59.4 cm) and a fast (HgCdZn)Te
photodetector (VIGO System PDI2-TE4). The AOM deflects a part of the idler
beam (20%) under an angle of 15 degrees towards the ring-down cavity. The
ring-down cavity itself is a high-finesse optical resonator formed by two mirrors
with a high reflective coating around 3.3 µm (R = 99.98%, Los Gatos Research).
The length of the cavity was swept continuously at a rate of 30 Hz over one free
spectral range by means of a piezo-electric transducer (PZT) to bring the cavity
into resonance with the laser wavelength. As soon as the build-up of intensity in
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the cavity reached a pre-determined threshold, the AOM was switched off. The
exponential decay of the intracavity radiation on the detector was then recorded
using a waveform digitizer (Gage Compuscope 12100) and fitted using a fast ex-
ponential fitting algorithm by Halmer et al. [97]. A pressure- and flow-control
system was used to keep the pressure in the ring-down cavity at 100 mbar and
supply the gas mixtures.
4.3 OPO wavelength tuning
The advantage of a singly resonant OPO lies in its ease of use for performing
wavelength scans. If the pump laser wavelength is scanned the OPO acts as a
passive wavelength converter by keeping the signal frequency fixed; the idler will
follow the pump wavelength. Here, we used a Lightwave M6000 MOPA. This
is a high power pump source with a wide continuous tuning range and narrow
linewidth. We tuned the pump laser OPO combination in three stages:
Firstly, we scanned the pump laser continuously over 48 GHz. Hence, the idler
wavelength will be tuned with the same frequency stability and linewidth as the
pump laser keeping the signal wavelength fixed within the OPO cavity. Although
mode hops occur every 12 GHz in the idler due to mode hops in the pump laser,
all wavelengths are still covered (Figure 4.2). Secondly, a 207 GHz idler tuning
can be achieved by tilting the intracavity etalon in the OPO. Discrete steps in
the idler frequency occurred of the order of 0.07 cm−1 due to cluster hopping
over the cavity mode spacing of 0.01 cm−1 [13; 47]. Thirdly, changing the crystal
temperature by 1◦C, 1-4 cm−1 of idler tuning is achieved, depending on the crystal
period and temperature. Temperature tuning the OPO cavity without intracavity
etalon results in discrete steps in the idler frequency in the order of 0.3-1.5 cm−1.
These three scanning methods were combined to cover an extended wavelength
range with high resolution. At a fixed etalon angle the pump is scanned contin-
uously (with mode hops every 12 GHz). Next, the etalon is tilted over a small
angle and the pump is again scanned. This procedure is repeated until the free
spectral range of the etalon (207 GHz) is covered. A combined pump-tuning
etalon-stepping scan is shown in Figure fig:combinedscan. After that, the crystal
temperature is changed by 2− 5◦C and the entire procedure is repeated. In this
way wavelength scans up to 450 cm−1 at a single period of the crystal are pos-
sible with high resolution (< 5 × 10−4 cm−1). Although the same scan could be
performed without varying the etalon angle, this process would be significantly
slower due to the increased number of temperature changes. As compared to tem-
perature tuning, varying the etalon angle also offers a more reproducible way of
selecting a wavelength. The complete scanning process was fully automated and
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Figure 4.2: Combined pump-etalon scan. By scanning the pump laser (panel A) and
stepping the etalon angle after each pump laser scan (panel B), a continuous wavelength
coverage over 207 GHz can be realized (panel C). The resolution of the idler frequency is
limited by the resolution of the wavemeter (inset panel C).
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computer controlled, so that long wavelength scans and sensing of multiple gases
over long periods of time was feasible.
By translating the PPLN crystal to other poling periods, access is provided to an
idler wavelength ranging of 2.75 to 3.83 µm and a signal wavelength range of 1.47
to 1.73 µm. Figure 4.3 shows the signal and idler wavelengths as a function of
the crystal temperature for six different grating periods. In addition, calculated
values using SNLO are shown [46]. The tuning curves for the different poling
periods show a large overlap due to the wide crystal temperature range. In fact,
this wavelength range could also be covered by just using three poling periods. A
good consistency between calculated and measured wavelengths is obtained after
uniformly shifting down the temperature axis 20◦C for the calculated wavelengths
[15]. Partially, this can be explained by signal and idler absorption in the crystal.
At an idler output power of 2 W at 3.4 µm the crystal temperature increased from
room temperature to 50◦C, which is equal to 2.5 W of absorbed light power. This
heating was not caused by pump beam absorption. Based on energy conservation
considerations, the temperature increase was mainly due to signal absorption.
Although the signal absorption coefficient is lower, the intracavity signal power
is much higher. To operate the OPO continuously at room temperature, the PP-
MgO-LN crystal was water-cooled, extending the operation temperature down to
18◦C.
4.4 Detection of CO2 by OPO photoacoustics at 2.8 µm
Figure 4.4A shows a photoacoustic recording of a part of the strong 1001-000 and
0201-000 combination bands of CO2 at 1 bar pressure; demonstrating the capa-
bility of the OPO to cover a wide spectral range in the mid infrared region. The
water vapor concentration in the flow was reduced by scrubbing the gas flow with
CaCl2 pellets. The contribution of each of the gases was determined by fitting
the measured spectrum with the calculated spectra from HITRAN (inset Figure
4.4A). The water vapor spectrum was subtracted to reveal the CO2 spectrum. In
Figure 4.4B a calculated CO2 spectrum based on data from the HITRAN database
[60] is given. As can be seen, the photoacoustic spectrum is in excellent agree-
ment with the calculations. The spectrum was recorded fully automatically by a
combination of pump laser, intra-cavity etalon and crystal temperature tuning.
The resolution of the spectrum is 0.01 nm and was limited by the wavemeter,
which was set to a lower resolution and wider wavelength coverage. By moni-
toring the wavelength at each measured point, the complete spectrum can easily
be constructed despite any mode hops or other jumps in wavelength that oc-
curred. The recording time for the complete spectrum was approximately 1 hour.
This is mainly caused by spectral overlap in the different types of scan, so that
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Figure 4.3: Signal (1475-1739 nm) and idler (2746-3829 nm) wavelengths of the OPO
vs. temperature of the PP-MgO-LN crystal for poling periods 29.0-31.5 µm. The solid
lines are the calculated values from SNLO [46].
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it is guaranteed that no points are missed. By further optimizing the scanning
method using the wavemeter for direct feedback, the scan time can be shortened
considerably.
4.5 Photoacoustic detection of methane in human breath
The OPO is an ideal source for laser spectroscopy, because a spectral region can
simply be chosen where the gas or multiple gases have strong absorptions with
little or no interference from other gases, such as water vapor. We have demon-
strated this by measuring the breath from two test persons at a wavelength range
where there are absorptions from methane, ethane and water (Figure 4.5B). Fig-
ure 4.5A depicts the calculated spectra from data of the HITRAN database for
the three gases. The breath of both persons was collected first in bags (aluminum
coated Teflon). The bags were sampled by connecting them to a flow system with
a flow rate of 5 l/h and a pressure in the photoacoustic cell of about 250 mbar.
The concentrations of methane and ethane for test person 1 were determined to
be 21 ppmv and 13 ppbv, respectively. The breath of test person 2 contained 4.5
ppmv methane, which was similar to the methane level in lab air, and 13 ppbv
ethane. The reason for the increased concentration of methane in the breath of
test person 1 can likely be explained by the presence of methanogenic flora in
this person [98]. One of the strengths of photoacoustic spectroscopy is its wide
dynamic range; only the lock-in sensitivity needs to be adjusted automatically
during the scan. Although the concentrations for methane and ethane were three
orders of magnitude apart from each other, they still could be measured simultane-
ously by selecting spectral areas where the difference in concentrations is partially
compensated by the relative strengths of the absorption lines.
4.6 Detection of methane and ethane using OPO Cavity Ring-Down
Spectroscopy
To determine the sensitivity of the OPO CRDS system we measured methane (at
3.221 µm) and ethane (at 3.337 µm) for different concentrations in the ppbv range
at 100 mbar pressure. Both absorption peaks were chosen based on calculated
spectra from the HITRAN database. Conditions for this were high absorption
strength and separated features from water, CO2 and other atmospheric gases.
The methane mixtures were created by using different flows of N2 (99.999% pu-
rity) and a certified mixture containing 90 ppbv methane buffered in N2 (certified
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Figure 4.4: Panel A: Recorded photoacoustic spectrum of CO2 in lab air (460 ppmv),
corrected for water vapor contribution by subtracting calculated water spectrum. The inset
shows the separate calculated water vapor (gray line) and CO2 contributions (black line)
of which the sum matches the recorded photoacoustic spectrum (dots). Panel B: CO2
spectrum calculated from HITRAN. [60]
46 Chapter 4
Figure 4.5: Panel A: Photoacoustic spectra measured from the breath of two different test
persons. The recorded spectra reveal a higher methane concentration in the breath of per-
son 1, indicating that methanogenic bacteria are present. Panel B: Calculated absorption
spectra based on the HITRAN database for methane, ethane and water.
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Figure 4.6: Areas of fitted methane absorption peaks for different concentrations. The
wavelength of the OPO was scanned over the methane absorption feature (inset) in 200
seconds and measured with cavity ring-down spectroscopy. The linear fit reveals that
a background methane concentration of 31 ppbv was present in the nitrogen. A noise-
equivalent detection limit of 0.16 ppbv was found.
mixture, Air Liquide). For each concentration a scan was made over the absorp-
tion peak in a time lapse of 200 seconds with a spectral resolution of 0.001 cm−1.
The concentration was calculated by fitting the absorption peak and taking the
area under the fitted curve. In this way all the measured points of the absorption
profile are used, which leads to a higher sensitivity. The advantage of this method
compared to a determination of a concentration on the top of an absorption peak,
is that any interference from other gases will be detected and can be taken into
account. From the linear fit in Figure 4.6 it can be seen that there is a relatively
large background of 31 ppbv methane already present in the N2 gas. The noise-
equivalent detection limit for methane using cw CRDS could be determined to be
0.16 ppbv over 200 seconds, corresponding to a minimum detectable absorption
coefficient of 2.0× 10−9 cm−1. The larger errors at lower concentrations are par-
tially caused by fluctuations in the methane flow during a scan. The background
measurement given at 0 ppbv methane concentration only uses one flow directly
from the nitrogen gas bottle.
For the ethane mixtures, a certified mixture of 21 ppmv ethane buffered in ni-
trogen was used. The same scans were made over a shorter time period of 60
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Figure 4.7: Areas of fitted ethane absorption peaks for different concentrations. The
wavelength of the OPO was scanned over the ethane absorption feature in 60 seconds and
measured with cavity ring-down spectroscopy. The noise-equivalent detection limit is 0.07
ppbv.
seconds and a lower wavemeter resolution of 0.01 cm−1. The same procedure as
for methane was followed for fitting and determining the concentrations. Figure
fig:ethanedetlimit shows the different concentrations of ethane varying from 5 to
100 ppbv. A noise-equivalent detection limit of 0.07 ppbv over 60 seconds was de-
termined from this graph, which corresponds to a minimum detectable absorption
coefficient of 1.4× 10−9 cm−1.
Figure 4.8 shows a spectrum of 12CH4 and 13CH4 isotopes of methane in lab air
recorded with continuous wave cavity ring-down spectroscopy. The spectral region
around 3.2 µm was chosen because of the relative strengths of the absorption peaks
of 12CH4 and 13CH4. Since the abundance of 13CH4 is a factor 100 lower in the
atmosphere than of 12CH4, the ratio in absorption strengths for the two isotopes
was chosen such that the absorption would be similar. This spectral region is
also chosen for its low water vapor interference. Because the absorption strengths
of 13CH4 are of the same order of magnitude as for 12CH4, enriched mixtures of
13CH4 can be detected with the same sensitivity.
One of the drawbacks of cavity ring-down spectroscopy is its limited spectral cov-
erage. The sensitivity of the detection method depends on very high reflective
mirrors, giving absorption path lengths of up to 3.5 km in our setup. The high
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Figure 4.8: Panel A: Continuous wave CRDS recording of the 12CH4 and 13CH4 isotopes
in lab air. The natural abundance is partially compensated by selecting 12CH4 peaks with
two orders of magnitude weaker absorptions. Panel B: Calculated absorption spectra for
H2O, 12CH4 and 13CH4. The sum of the calculated absorption features shows a good
correspondence to the measured data.
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Figure 4.9: CRDS mirror reflectivity over 60 nm spectral range, demonstrating the
limited wavelength range for each set of highly reflective mirrors. The drop in decay time
from 11.6 to 8.2 µs gives an equivalent decrease in sensitivity.
reflectivity, however, can only be provided for wavelength ranges of typically 100
nm. Figure 4.9 shows a recording of the decay time and the cavity mirror reflec-
tivity over 60 nm. The recording is a lower resolution scan of the OPO by varying
the crystal temperature only. Absorption peaks have been discarded, leaving only
the maximum decay time at each wavelength given by the reflectivity of the cav-
ity mirrors. It can be seen that a slight decrease in reflectivity will already lead
to much lower decay times and thus a lower sensitivity. In the measured wave-
length range, the decay time dropped from 11.6 µs to 8.2 µs, corresponding to an
equivalent decrease in sensitivity.
4.7 Discussion & conclusion
The versatility and sensitivity of a continuous wave, singly resonant OPO com-
bined with photoacoustic and cavity ring-down spectroscopy has been demon-
strated as an instrument for trace gas sensing. By using PP-MgO-LN instead of
undoped PPLN, the OPO gained in power and wavelength stability. Moreover,
the ability to operate the crystal from room temperature up to 200◦C resulted in
a considerable increase of the crystal temperature tuning range. In the previous
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setup with an OPO based on conventional PPLN, the OPO could be observed to
loose its power completely during larger wavelength changes by intra-cavity etalon
or temperature tuning, thus requiring realignment of the OPO cavity. Addition-
ally, the PPLN crystal had to be operated above 100◦C to counteract potential
refractive damage.
Although the different tuning capabilities of pump, intracavity etalon and crystal
temperature have already been recognized, automating all three methods has
proven to be an effective way for recording wide, high resolution spectra. It has
been shown that a wide, continuous coverage can be achieved by using fan-out
crystals as well [15; 49]. However, bad spots occur in the crystals with increasing
age and if the crystals are used at these places, it often results in considerable
damage to the crystal. Another advantage of stepped crystals with multiple poling
periods is that a larger spectral range can be covered, since the difference in poling
period lengths can have a greater variation. A typical fan-out crystal has poling
periods between 29.3 and 30.1 µm, while our stepped crystal contains poling
periods between 28.5 µm and 31.5 µm.
The spectral coverage of an OPO system also depends on the power of the pump
source. Low oscillation thresholds can be achieved using longer PPLN crystals
and higher mirror reflectivity, though the latter inherently leads to a narrowing of
the spectral coverage. Double resonant techniques to enhance the pump power in
the OPO cavity can overcome threshold problems as well, but make tuning of the
OPO complicated. Thanks to the high available pump power, idler wavelengths
from 2.75 µm to 4.8 µm [14] have been reached, limited only by the intrinsic
absorption of Lithium Niobate.
Photoacoustic spectroscopy is an ideal detection method for the OPO, taking full
advantage of the high powers and the wide spectral range available. Compared to
cavity ring-down spectroscopy, alignment is simpler while similar trace gas detec-
tion sensitivities are reached. Photoacoustic spectroscopy, however, needs longer
measuring times per data point (typically 100 ms), making it a slower spectro-
scopic method and thus prevents fast scanning. Higher repetition frequencies can
be reached with cavity ring-down spectroscopy at low powers, such as what is
available above 4 µm with our OPO [13].
CRDS with the OPO resulted in noise-equivalent detection limits of 2.0 × 10−9
cm−1 and 1.4 × 10−9 cm−1 for methane and ethane respectively. These were
lower than found by von Basum et al. [85], which was mainly due to a lower
sampling rate since the OPO was not locked to the ring-down cavity. We also had
a slightly lower decay rate and an etalon effect could be observed from the cavity
mirrors. The detection limit can be improved significantly by enabling the ring-
down cavity for faster modulation frequencies and shortening the scan time by
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detecting at lower resolution. The approach of scanning over absorption features
instead of measuring at the peak, does give us the ability to distinguish between
changes in concentration of the targeted species or the background caused by
other absorption features.
A substantial advancement can be made in the scanning method of the OPO if
it could offer continuous scanning capabilities without any excessive overlaps of
mode hops and scans that occur at the present. This development, which mainly
lies in smarter tuning of the software, will result in cleaner spectra and shorter
recording times. Combined with active stabilization of the OPO cavity, it would
create an invaluable tool for high-resolution spectroscopy and the detection and
identification of multiple, larger components in trace gas detection.
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Chapter5
Continuous wave optical parametric
oscillator for quartz-enhanced
photoacoustic trace gas sensing
Abstract
A continuous wave optical parametric oscillator, generating up to 300mW idler
output in the 3-4 µm wavelength region, and pumped by a fiber-amplified DBR
diode laser is used for trace gas detection by means of quartz-enhanced photoa-
coustic spectroscopy (QEPAS). Mode-hop-free tuning of the OPO output over
5.2 cm−1 and continuous spectral coverage exceeding 16.5 cm−1 were achieved via
electronic pump source tuning alone. Online monitoring of the idler wavelength,
with feedback to the DBR diode laser, provided an automated closed-loop control
allowing arbitrary idler wavelength selection within the pump tuning range and
locking of the idler wavelength with a stability of 1.7 × 10−3 cm−1 over at least
30 minutes.
Using this approach, the idler wavelength was locked at an ethane absorption
peak and QEPAS data were obtained to verify the linear response of the QEPAS
signal at different ethane concentrations (100 ppbv - 20 ppmv) and different power
levels. The detection limit for ethane was determined to be 13 ppbv (20 seconds
Published as: “Continuous wave optical parametric oscillator for quartz-enhanced photoa-
coustic trace gas sensing”, A. K. Y. Ngai, S. T. Persijn, I. D. Lindsay, A. A. Kosterev, P. Gross,
C. J. Lee, S. M. Cristescu, F. K. Tittel, K. J. Boller, and F. J. M. Harren, Applied Physics
B-Laser and Optics 89, 123 (2007)
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averaging), corresponding to a normalized noise equivalent absorption coefficient
of 4.4× 10−7 cm−1W/Hz1/2.
5.1 Introduction
The strength of continuous wave, mid-infrared, optical parametric oscillators
(OPOs) lies in their ability to cover a broad spectral range, while offering high
power and exceptional beam characteristics in terms of beam profile, linewidth
and stability [12; 13; 15; 16; 86; 99]. This makes the OPO an excellent light
source for spectroscopic purposes, especially when it is operated in the 3-5 µm
wavelength range where many molecules important for life science have strong
characteristic absorptions. A highly attractive mode of operation is the use of
a singly-resonant OPO where the majority of tuning is achieved via the pump
laser. In this case, the OPO signal wavelength remains fixed and the OPO effec-
tively acts as a wavelength converter, transferring the spectral properties of the
pump laser (for example linewidth, frequency modulation and tuning range) to
the idler output. This approach thus allows the attractive tuning and spectral
characteristics available from a variety of near infrared sources to be transferred
to the mid-infrared. Furthermore, by avoiding direct tuning inputs, the OPO re-
mains mechanically and thermally undisturbed, improving the power and spectral
stability of the idler output.
This approach has benefited considerably from the recent availability of fiber-
based continuous-wave pump sources which provide both broad tunability and
the watt-level output powers required to efficiently pump a singly-resonant OPO.
By contrast, while OPOs pumped by previously available high-power cw pump
sources have demonstrated tuning ranges of hundreds of wavenumbers, this could
only be achieved by varying the OPO crystal temperature and quasi phase match-
ing (QPM) period in combination with the highly limited tuning of the pump
[12; 99]. This approach allowed only slow tuning in discrete steps and with lim-
ited control accuracy.
In this work we use a fiber-amplified distributed Bragg reflector (DBR) diode
laser [23] to pump a continuous wave, singly resonant optical parametric oscillator
[99]. Compared to other OPOs with continuous wave pump sources [49; 95], this
fiber-amplified diode-laser-based source has provided an improved combination
of wavelength tuning, simple wavelength setting and long-term active stability.
To our knowledge, this OPO has demonstrated the widest mode-hop-free tuning
(5.2 cm−1) and the widest (16.5 cm−1) high-resolution, continuous coverage in
the mid-infrared by means of changing the pump wavelength. Furthermore, by
using a high resolution wavelength meter to provide closed-loop feedback to the
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pump source, any desired wavelength within the pump tuning range can simply
be selected via precise computer control. Thanks to the rapid electronic tuning
capability of the DBR laser, the idler wavelength can then be tuned and locked
within seconds to an absolute accuracy and stability of 1.7 × 10−3 cm−1 (1σ)
determined by the wavelength meter. The idler wavelength was verified to remain
locked to the target value for at least 30 minutes.
The OPO is used in combination with Quartz-Enhanced Photoacoustic Spec-
troscopy (QEPAS) [79] for the detection of trace-level atmospheric components.
To date, QEPAS has been used with laser sources such as quantum cascade lasers
[100; 101] and distributed feed-back diode lasers [79; 102; 103], which both typi-
cally have an order of magnitude less power and spectral coverage than an OPO. In
common with other photoacoustic methods, and in contrast with techniques such
as direct absorption, wavelength or frequency modulation spectroscopy [3; 24; 71],
cavity ring-down spectroscopy [66; 85] and cavity enhanced absorption spec-
troscopy [66], the sensitivity of QEPAS scales with power and can, therefore,
directly benefit from the high power of the OPO. In contrast to conventional pho-
toacoustic detection with microphones, QEPAS makes use of a quartz tuning fork
(developed as a frequency reference for clocks and watches) as both a detector
and high-Q resonator for the acoustic signal. Although the sensitivities that can
be reached are comparable to those of conventional photoacoustic spectroscopy,
QEPAS has the advantage of a small gas sampling volume (∼ 1 mm3). This vol-
ume is ultimately determined by the space between the two prongs of the tuning
fork. The acoustic signal is generated by wavelength modulation of the exciting
laser at half the resonant frequency of the tuning fork, allowing second-harmonic
detection at the resonant frequency leading to strong rejection of acoustic back-
ground signals. This necessitates a source capable of wavelength modulation in
the kilohertz range. The simplicity with which OPOs of the type described here,
pumped by amplified diode lasers, can be modulated at frequencies up to hun-
dreds of MHz has been recently demonstrated [24] and makes them ideally suited
to QEPAS detection. Here we demonstrate the sensitivity and versatility of the
OPO combined with this detection method by recording multi-component trace
gas mixtures of laboratory air.
5.2 Experimental setup
The experimental setup as shown in Figure 5.1 consists of three parts: a fiber-
amplified near-infrared DBR diode laser as tunable pump source, a singly resonant
OPO that converts the pump wavelength to the mid-infrared region and QEPAS
for the sensitive detection and quantification of trace gases.
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The fiber-amplified DBR diode laser is similar to that described previously [23].
The DBR diode laser (Eagleyard Photonics GmbH) is a multi-section device pro-
viding up to 80 mW of output power at 1082 nm with a linewidth of < 40 MHz.
Currents to the tuning sections of the device were controlled by dedicated scan lin-
earization and synchronization electronics coupled to a computer for automated
operation, as indicated in Figure 5.2. The diode laser radiation was directed
through a two-stage (60 dB) optical isolator, after which 50 mW of power re-
mained to seed a 30 m long double-clad Yb-doped fiber amplifier (Institut fr
Physikalische Hochtechnologie, Jena, Germany). The amplifier, which had a 10
µm core, was end-pumped with up to 25W from a fiber-coupled 976 nm diode laser
via a 400 µm D-shaped inner cladding. Under certain conditions, the amplifier
output exhibited instabilities of a type usually attributed to Brillouin scattering
. These were suppressed by applying a 2 MHz sinusoidal modulation to the gain
section of the seed laser, thus broadening its spectrum to ∼ 100 MHz, as previ-
ously described [23] After passing a second isolator and polarization control, up
to 7.9 W of power at 1082 nm was available to pump the singly resonant OPO
[68; 99]. Using an AR coated lens (f = 7.5 cm) the pump beam was focused into
a 5 cm long MgO-doped Periodically Poled Lithium Niobate crystal (PP-MgO-
LN) (HC Photonics). This crystal was a multi-grated type with 7 different poling
periods ranging from 28.5 to 31.5 µm. To suppress etalon-effects, one of the two
edges had a slight wedge of 1 degree and both sides were anti-reflective coated for
the pump, signal and idler wavelengths. An oven was used to keep the crystal at
a stable temperature between 50 and 190◦C.
The OPO cavity had a bow-tie configuration and consisted of two meniscus (R =
100 mm) and two plane mirrors, which were coated such that they were highly
reflective for the signal and transparent for the pump and idler wavelengths. An
intracavity solid YAG etalon (uncoated, 0.4 mm thick) mounted on a galvo-drive
was placed at one of the two focal points of the resonated signal beam to serve as
a frequency-selective element enhancing stable single-mode operation.
Residual idler, transmitted through one of the plane mirrors, was used for wave-
length calibration by a high resolution wavelength meter (Bristol Instruments
621A). The idler wavelength was recorded twice a second and could be deter-
mined at an absolute accuracy of 5× 10−4 cm−1 [25].
The idler output beam was refocused with a set of three AR-coated ZnSe lenses of
focal lengths 100 mm, 500 mm and 75 mm (ISP optics). The first lens served as a
collimating lens, after which two pinholes and two beam steering mirrors followed
to redirect the beam through the remaining lenses and the prongs of the tuning
fork. The pinholes were used to overlap a He-Ne laser for alignment of the tuning
fork. While parasitic up-conversion processes in the OPO also provide a visible
output beam, slight wavelength-dependent deviations in optical elements such as
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Figure 5.1: Schematic representation of the experimental setup. The output of a 3-
section DBR diode laser is seeded, through a 60 dB optical isolator (ISO 1), into a fiber
amplifier , which is pumped by a 25W 976 nm diode bar. The amplified light passes
through a second 30 dB optical isolator (ISO 2) and quarter- and half-wave plates (Q,
H) for polarization control before pumping a singly resonant optical parametric oscillator
based on an MgO-doped periodically poled lithium niobate crystal (PP-MgO-LN). An intra-
cavity etalon (E) serves as a frequency selective element for the signal wavelength. A part
of the idler is monitored with a wavelength meter, while the majority of the power is used
for trace gas detection with quartz-enhanced photoacoustic spectroscopy.
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Figure 5.2: Schematic representation of the control and feedback electronics. The 3-
section DBR diode laser is modulated via the gain section current at 2 MHz to broaden
the seed laser bandwidth, as well as at 16.377 kHz, which is half the resonance frequency
of the tuning fork in QEPAS. A wavelength meter measurement of the idler output is used
to drive a computerized closed-loop control system for wavelength tuning and stabilization.
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the out-coupling meniscus mirror and lenses result in the overlap with the idler
being insufficient to use for alignment of the QEPAS cell.
The tuning fork used for these experiments was a quartz crystal resonator (AEL
crystals) with a specified frequency of 32.768 kHz in the oscillator circuit, and had
a Q-factor of 2.3× 104 at a 200 mbar pressure. The optical gas cell enclosing the
fork had a volume of 3 cm3. CaF2 windows were installed at Brewster’s angle on
either end of the cell. The gas intake was positioned just above the tuning fork
so that gas would flow directly between the prongs and the effective gas sampling
volume was minimized. The gas output was connected to a membrane pump
through a needle vent, to regulate the pump capacity, and a dampening volume,
to prevent any pump noise from reaching the tuning fork.
For wavelength modulation a sinusoidal signal was applied to the gain section of
the DBR laser such that the idler was modulated at f = 16.377 kHz, half the
resonance frequency of the tuning fork at 200 mBar pressure. The modulation
amplitude (4.8× 10−2 cm−1) was optimized to the width of an ethane absorption
line at 2990.1 cm−1. A lock-in amplifier (Stanford Research Systems SRS830)
was used to detect the signal generated by the tuning fork in response to the
photoacoustic sound wave. The detection was performed at 2f = 32.754 kHz
(the resonant frequency of the tuning fork at 200 mbar). To facilitate a clean
pass of the idler beam, the acoustic micro-resonators typically used with QEPAS
[79] were omitted in this case. Without resonators 81% of the power remained
after the cell. A power meter following the cell allowed calibration of the QEPAS
response to the absolute idler power level.
5.3 OPO tuning and wavelength stabilization
Tuning of the OPO was accomplished in three steps. The first step was selecting a
suitable poling period for coarse tuning of the idler wavelength (3 to 4 µm within a
single PP-MgO-LN crystal). Subsequently, the crystal temperature was adjusted.
Though giving a broad tuning capability of hundreds of wavenumbers, discrete
steps of 1-4 cm−1 occurred in this process, due to the combination of OPO cavity
modes, etalon mode selection and the PP-MgO-LN phase-matching bandwidth.
In addition, temperature tuning is also a relatively slow method of changing the
wavelength.
The third tuning step was pump tuning, which was used for fine wavelength
control once coarse wavelength selection had been made by the first two steps. To
accomplish this, the phase and DBR sections of the multi-section DBR laser were
thermally tuned by passing current through resistive micro-heaters fabricated onto
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Figure 5.3: Mode-hop-free scan over 5.15 cm−1 in the idler wavelength by synchronized
tuning of the phase (B, dashed line) and DBR section (B, solid line) of the seed diode
laser. The tuning rate in this measurement was limited by the wavelength meter, which
had a sampling frequency of 2 Hz.
their upper surfaces. Synchronous tuning of the phase and DBR sections allowed
for mode-hop-free tuning over 5.2 cm−1 at the idler wavelength, as shown in Figure
5.3, while varying the DBR section offset current allowed this mode-hop-free range
to be shifted within a total range of 16.5 cm−1 as demonstrated in Figure 5.4.
While the complete scan shown in Figure 5.3 was performed in 2 minutes, this was
mainly limited by the 2 Hz sampling rate of the wavelength meter and the number
of recorded points. Previously, we have demonstrated that such a continuous scan
can be achieved on millisecond timescales [23].
The rapid tuning capability of the DBR laser combined with online monitoring
of the idler wavelength by the wavelength meter allowed implementation of a
simple feedback system to set and lock the desired idler wavelength within the
tuning range of the pump source. The wavelength meter sent the absolute idler
wavelength to a computer system, which in turn adjusted the phase and DBR
currents as required. Figure 5.5A demonstrates locking of the idler at 2990.076
cm−1 showing a stability of 1.7× 10−3 cm−1 (1σ) over 30 minutes. The currents
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Figure 5.4: A. Continuous, high-resolution scan over 16.5 cm−1 was achieved by per-
forming synchronized phase/DBR scans at different DBR offset currents (indicated in
mA). B. DBR and phase-section current variation corresponding to the scan with DBR
offset of 0 mA.
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Figure 5.5: A. Locked idler wavelength showing a stability of 1.7 × 10−3 cm−1 over
30 minutes. The vertical axis shows the deviation from the set wavelength at 2990.076
cm−1. B. The currents to the phase and DBR sections of the diode laser were adjusted
continuously by the feedback system.
sent to the phase and DBR section to maintain this stability are indicated in Fig-
ure 5.5B. It can be seen that, apart from fast corrections, a slower adjustment to
the DBR laser currents was required which can be attributed to the compensation
of slow variations in environmental conditions. It should be noted that no active
stabilization of the OPO signal wavelength was attempted.
The computer controlled wavelength read-out and feedback system to the DBR
laser makes it simple to select any wavelength within the pump tuning range.
In Figure 5.6 this is demonstrated for a set of wavenumbers from 2987 to 2994
cm−1 with programmed tuning in 1 cm−1 steps. The inset shows that the desired
wavelength is reached within ∼ 20 seconds, limited by the wavelength meter and
locking algorithm, and then locked for a 1 minute time span. Occasionally a mode
hop could occur within the OPO especially after the wavelength was changed,
but this was swiftly corrected by the feedback system via the DBR laser tuning
controls. This flexible control system clearly has the potential to rapidly tune
on and off resonance for a specific absorption line or to rapidly switch between
absorption features of different species.
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Figure 5.6: Setting and locking of the idler wavelength by pump wavelength tuning is
demonstrated for the range 2994 cm−1 to 2987 cm−1 with steps of 1 cm−1. After setting
a new wavelength, the lock is acquired in ∼ 20 seconds (inset).
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5.4 QEPAS measurements of ethane
Figure 5.7 shows an example of QEPAS spectral data recorded by scanning over
an absorption feature at 2990.1 cm−1 in 2 ppmv (parts-per-million by volume)
ethane, buffered at 200 mbar in pure nitrogen, with a wavelength modulation
amplitude of 4.8×10−2 cm−1. The continuous scan, consisting of 500 data points
(300 ms per point), was recorded in 150 seconds with a lock-in time constant
of 1 s (24 dB/oct filter slope, ∆f = 0.156 Hz). The signal was thus smoothed
by the lock-in amplifier. The measured ethane absorption feature is built up of
multiple lines, giving rise to a broadened, asymmetric version of the pure second
derivative signal usually obtained from an isolated absorption feature in QEPAS.
In the same figure 5.7, the filled circles represents a background measurement
in nitrogen, which shows that observed structure in the ethane measurement is
genuinely due to absorption rather than fringing or other noise sources. Most
of these minor absorption features are not listed in the HITRAN database. In
particular, HITRAN-based modeling of the 2f -signal yields a single peak, not a
double peak structure revealed in figure 5.7. In the inset of Figure 5.7 a QEPAS
recording of an isolated 1.2% water absorption peak at 2994.4 cm−1 is given,
showing the expected second derivative form.
The sensitivity and linearity of the OPO-QEPAS system were demonstrated by
locking the laser at the maximum of the absorption peak, measuring concentra-
tions ranging from 20 ppmv down to 100 ppbv and performing a linear fit (Figure
5.8). Each concentration point in the graph represents 100 data points from which
the standard deviation was determined. This resulted in a detection limit of 25
ppbv (parts-per-billion by volume) with a lock-in time constant of 3 s (12 dB/oct
filter slope, ∆f = 0.083 Hz), an averaging time of 20 s and a laser power of 217
mW measured behind the cell. The corresponding normalized noise equivalent
absorption coefficient (1σ) is 7.0 × 10−7 cm−1W/Hz1/2. Compared to previous
results [79] this is about one order of magnitude less sensitive. The main reason
for this is the lack of micro-resonator enhancement of the QEPAS signal.
5.5 Power dependence of the QEPAS response
These experiments are the first in which such a high power is used with QEPAS.
Therefore the power-dependence of the QEPAS signal was measured by keeping
the idler wavelength fixed at the same ethane absorption peak with a concentration
of 2 ppmv (Figure 5.9). The graph clearly shows the expected linear response of
the QEPAS signal. The power of the OPO was varied either by reducing the pump
power to the fiber amplifier or by attenuating the output beam of the OPO.
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Figure 5.7: Example of a QEPAS scan over a 2 ppmv ethane peak at 2990.08 cm−1
(open circles) in 200 mbar nitrogen gas. QEPAS signal detected from pure nitrogen in
the same spectral range is also shown, revealing a flat background signal (filled circles).
Another example of a QEPAS scan is given in the inset for 1.2% water at 2994.4 cm−1.
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Figure 5.8: Ethane peak at 2990.08 cm−1 measured at different concentrations showing
the linear response of QEPAS. Each point in the graph represents 100 measurements from
which a standard deviation could be determined. This resulted in a detection limit of 25
ppbv over 20 seconds.
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Figure 5.9: Power dependence of the QEPAS signal by locking the idler wavelength
to the maximum of the ethane absorption peak at 2990.08 cm−1 and varying the fiber
amplifier pump power or attenuating the OPO idler beam. A linear response to the power
was found, proving confirming the advantage of higher powers for QEPAS.
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5.6 Spectral scan of a multi-component gas mixture of laboratory
air and ethane over 15 cm−1
A key advantage of using an OPO for trace-gas a spectroscopy lies in its ability
to cover wide spectral ranges and thereby detect multiple gas species. This was
demonstrated by pump-tuning the OPO, as described above, from 2979.4 cm−1 to
2994.6 cm−1 while recording a QEPAS spectrum (Figure 5.10A). The spectrum
was recorded in 112 hours at a lock-in time constant of 1 s. The complete spectral
scan consists of 13000 points at ∼ 400 ms per point. The 200 mbar gas mixture
was created by mixing a certified gas mixture of ethane with laboratory air in a 1:9
ratio, thus obtaining 2.2 ppmv ethane, 1.1% water (measured with a hygrometer)
and 1.5 ppmv methane (estimated from typical air concentration). The scan
was performed faster than the inverse lock-in amplifier bandwidth would require,
which explains a noticeable asymmetric line shape. However, a comparison with
a calculated spectrum based on HITRAN data [60] shows good agreement for
the absorptions of all three compounds (Figure 5.10B). For the calculations a
pseudo-Voigt profile was used as described by Liu et al. [61].
From the recorded spectrum it can be seen that by selecting the ethane peak
at 2983.3 cm−1 instead of the initial peak at 2990.1 cm−1, the detection limit
can be improved from 25 ppbv to 13 ppbv. This corresponds to a normalized
noise equivalent absorption of 4.4 × 10−7 cm−1W/Hz1/2. In a similar fashion,
the detection limit for the water peak at 2994.4 cm−1 can be estimated to be 6.8
ppmv for a data acquisition time of 20 s.
5.7 Conclusion
In summary, we have reported on a continuous wave, singly resonant OPO for the
3 to 4 µm spectral range with an average output power of 300 mW. The OPO was
pumped by a fiber-amplified DBR laser which gave significant advantages in terms
of wavelength tunability and long-term stability. Online monitoring of the idler
wavelength was used to provide closed-loop tuning control of the OPO by tuning
the DBR laser, making it possible to simply set any wavelength within the pump
tuning range and lock it to an absolute accuracy of 1.7 × 10−3 cm−1 (1σ) over
30 minutes. In addition, mode-hop-free tuning (over 5.2 cm−1) and tuning with
continuous coverage (over 16.5 cm−1) was demonstrated by synchronized tuning
of the phase and DBR sections of the seeding diode laser. The combination of
high power in the mid-infrared, wide tunability, programmed wavelength access
and simplicity of modulation at kHz frequencies makes the OPO system a highly
attractive source for rapid trace-level detection of multiple gas species by QEPAS.
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The small dimensions of the QEPAS cell make it an ideal detection method for
building compact gas detectors if combined with smaller light sources, such as
diode lasers or quantum cascade lasers. In a laboratory environment however, an
OPO with QEPAS offers benefits that would not be available with other sources,
these being a high output power and broad spectral coverage. Furthermore, trace
gas detection can be performed within a small gas cell volume so that minute gas
samples can be analyzed and dynamic changes in concentration can be followed.
The linear dependence of the QEPAS signal on the power demonstrates both the
benefits of using higher power lasers with QEPAS and the potential for further
sensitivity gains by power scaling to the watt-level outputs achievable with such
OPOs [12; 23; 99; 104]. From a long, multi-component scan, detection limits were
obtained of 13 ppbv for ethane and 6.8 ppmv for water (20 seconds averaging).
These values correspond to a normalized noise equivalent absorption of 4.4×10−7
cm−1W/Hz1/2.
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Chapter6
Rapid trace gas detection with
continuous wave Optical Parametric
Oscillator-based Wavelength
Modulation Spectroscopy
6.1 Abstract
A fiber-amplified DBR diode laser is used to pump a continuous wave, singly reso-
nant optical parametric oscillator. The outstanding properties of diode lasers are
thus transferred to the mid-IR, providing rapid (100 THz/s) and broad mode-hop-
free tuning (5.2 cm−1) with continuous coverage over the 3-4 µm range. Wave-
length modulation spectroscopy is combined with the OPO to take optimal ad-
vantage of the spectral scan speed. The sensitivity of the system was determined
at 1.1 ppbv (parts-per-billion by volume) in 3.1 s for an ethane absorption peak
at 2996.9 cm−1. The broad continuous tunability was demonstrated in an ethane
and laboratory air gas mixture by covering 35 cm−1 while recording absorption
features of ethane, methane and water.
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6.2 Introduction
To unravel highly dynamic processes in the life sciences there is an increasing need
for time resolved measurements of trace gas emissions. Examples of such processes
include the release of aldehydes, alcohols, and acetates by plants subject to attack
by herbivores [105] CO2, H2O and CH4 release in insect respiration [96; 106], or
-in humans- the kinetics of the gas composition of a single breath exhalation
[107]. Capturing all details of the emission pattern requires an instrument which
combines a high sensitivity at the ppbv (parts per billion by volume) level within
a second time scale resolution or beyond. This goal has been achieved partially
by several research groups using quantum cascade lasers in combination with
spectroscopic techniques such as cavity ring-down [66] and frequency modulation
spectroscopy [108]. However, most of these instruments only allow monitoring of
a single gas due to the limited scanning range of the quantum cascade laser.
We chose to tackle this problem by using the well-developed tuning and modula-
tion abilities of diode lasers in the near-infrared and transfer these to the 3-4 µm
range by using a cw singly-resonant Optical Parametric Oscillator (OPO) [23; 50].
The combination of these two devices forms the ideal bases for trace gas detection
by means of laser spectroscopy. The OPO offers rapid and wide spectral tuning
over 18 cm−1, rapid mode-hop-free tuning over 5.2 cm−1 (scan rate: 100 THz/s),
and broad continuous coverage over the complete 3 to 4 µm range. Additionally,
these characteristics are combined with a high average power of 350 mW, a ∼ 40
MHz bandwidth, long-term stability of 1.7× 10−3 cm−1 over 30 minutes and the
agility to simply set and lock any wavelength within a pump tuning range of 7
cm−1.
The spectroscopic detection methods that have been used in the past with an
OPO are photoacoustic spectroscopy [88; 99], quartz-enhanced photoacoustic
spectroscopy [50] and continuous wave cavity ring-down spectroscopy [68; 85; 99].
Each of these methods offers very high sensitivities for detecting concentrations
in the (sub-)ppbv-range, yet they each also have their limitations. Photoacoustic
spectroscopy depends on the build-up of an acoustic wave in the cell and there-
fore has typical measuring times of a second per point. In addition, the method
becomes less sensitive at reduced pressure. It thus is not a suitable technique
for following dynamic processes or measuring wider spectral ranges at high res-
olution. With cw cavity ring-down spectroscopy data points can be recorded at
rates of several hundred Hz [85]. However, the useful spectral range is limited by
the high reflective mirror coatings, and it is not an easy method to use, requiring
good mode matching and precise alignment.
Here we present rapid trace gas measurements using a multi-pass cell in combi-
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nation with direct absorption and wavelength modulation spectroscopy. These
methods require low measuring times per point and are only limited in their spec-
tral coverage by the response of the fast photodetector, which can cover the entire
idler wavelength range of the OPO.
6.3 Experimental setup
Figure 6.1 shows the experimental setup [23; 50]. An 80 mW multi-section Dis-
tributed Bragg Reflector (DBR) diode laser with an output wavelength around
1082 nm is used to seed a 30 m long double-clad Yb-doped fiber amplifier. The
fiber is end-pumped by a 25 W, 976 nm diode laser, resulting in an output power
of 7.9 W around the 1081 nm. To suppress Stimulated Brillouin Scattering, a fast
modulation (≥ 2 MHz) was applied to the gain section of the DBR laser, which
broadened the output line width effectively to ∼ 100 MHz.
The singly resonant OPO cavity [12; 99] consists of a four-mirror bowtie ring
design with two concave mirrors (R = 10 cm) and two flat mirrors, all being highly
transparent for pump and idler, and highly reflective for the signal wavelength.
The pump was focused using a 75 mm CaF2 lens in a 5% MgO-doped PPLN
crystal (PP-MgO-LN) (HC Photonics) with a length of 5 cm and with 7 poling
periods ranging from 28.5-31.5 µm. The crystal facets were anti-reflection coated
for pump, signal, and idler and one side had a 1 degree wedge to suppress any
etalon effects. An uncoated 400-µm-thick solid YAG etalon (free spectral range
207 GHz) was inserted in the OPO cavity to enhance long-term frequency stability.
The idler output power amounts up to 400 mW at a pump power of 7.5 W.
Fast, mode-hop free tuning was achieved by synchronously sweeping the DBR
and phase section tuning currents. By choosing the appropriate amplitudes and
DC-offsets a maximum continuous tuning range of 5.2 cm−1 was obtained. For
fast scans the relative idler frequency was monitored using germanium etalons,
while for ‘slow’ experiments a wavelength meter was used (Bristol Instruments
621A, repetition rate of 2 Hz). The idler wavelength can be coarse tuned between
3.1 and 4.0 µm by selecting the appropriate crystal period and oven temperature.
To benefit from the fast scanning abilities, the OPO was combined with a multi-
pass absorption cell for direct absorption and wavelength modulation spectroscopy.
Using an anti-reflective coated (< 0.5%) f = 50 cm ZnSe lens, the idler beam was
focused into the multi-pass cell (Aerodyne, AMAC-76) with an absorption path
length of 76 m and a volume of 300 ml. The multi-pass cell is made up out of two
silver astigmatic mirrors, which were pre-aligned such that the reflection pattern
forms a Lissajous figure in order to use the surface of the mirrors most efficiently.
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Figure 6.1: Experimental setup. A DBR diode laser at 1081 nm is used to seed a 30
m long Yb-doped fiber-amplifier, which is end-pumped with a 25 W, 976 nm diode laser.
Two isolators (ISO 1 and 2) prevent any feedback, while a quarter-wave-plate (Q) and
half-wave-plates (H) are for polarization control. A power of 7.9 W is then available to
pump a singly-resonant OPO based on an MgO-doped periodically poled lithium niobate
crystal (PP-MgO-LN). An intra-cavity etalon (E) serves as a frequency selective element
for the signal wavelength. Part of the idler beam leaks out of the cavity and is sent to a
wavelength meter. The idler beam is focused into a 76 m multi-pass cell, after which the
output is detected with a fast photodetector.
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Figure 6.2: Spectrum from a high finesse Fabry-Perot interferometer with a free spectral
range of 2.1 GHz. The applied fast modulation of 2 MHz on the seeding DBR diode laser
causes a broadening of the bandwidth to 1.1 GHz.
The original window of the cell was replaced with an anti-reflective coated window
to suppress etalon effects. The pressure inside the cell was kept at 100 mbar using
a needle valve and pump.
After the cell, the idler beam was directed to a fast (HgCdZn)Te photodetector
(VIGO System PDI2-TE4). To prevent overload of the detector, the idler beam
power after the OPO was reduced by using a pair of diaphragms. The wavelength
modulation experiments made use of a 2 MHz modulation applied to the diode
laser to suppress Stimulated Brillouin Scattering and had a modulation amplitude
of 1.1 GHz (Figure 6.2).
The detector signal was then demodulated with a lock-in amplifier (Stanford Re-
search Systems SRS 844) at the first or second harmonic, after which the fast
scans were recorded with an oscilloscope computer card (Gage CS14100) and the
longer scans were recorded with a data acquisition card (National Instruments
M6229).
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Figure 6.3: Example of a first harmonic wavelength modulation signal of a 40 ppbv
ethane absorption peak at 2996.9 cm−1. The gray line represents the raw data and the
black line is the data with the background subtracted.
6.4 WMS recordings of ethane absorption
To determine the sensitivity of the wavelength modulation system and demon-
strate the linear response at different concentrations, scans were made over an
ethane absorption feature at 2996.9 cm−1. Figure 6.3 shows an example of such
a recording in which both the raw data (gray line) and the data with background
subtracted (black line) are given. The phase and DBR sections were synchronously
scanned by applying a 100 Hz triangle signal to each of the sections with the ap-
propriate amplitude and DC offsets. On top of this, the 2 MHz fast modulation
was applied. After demodulation of this signal at the first harmonic, 64 sweeps
were recorded and averaged on the oscilloscope card.
Even with all the anti-reflection coated optical elements, a time-dependent varia-
tion was found in the background signal. Therefore the background was recorded
in a nitrogen-filled gas cell before each new concentration and was subsequently
subtracted.
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Figure 6.4: Ethane peak at 2996.9 cm−1 measured at different concentrations. A linear
dependence on the concentration is shown with the fitted line. Each concentration was
measured 9 times, which in turn consist of 64 averages of the absorption signal. The
detection limit determined from the data is 1.1 ppbv over 3.1 seconds, corresponding to a
noise equivalent absorption of 5.8× 10−8 cm−1/Hz1/2.
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The amplitude of the 1f -signals was taken as measure for the concentration. In
Figure 6.4 the ethane absorption was recorded at different concentrations ranging
from 20 to 300 ppbv. For each concentration, 9 measurement points (0.35 s per
point) were taken representing an average of 64 sweeps over the absorption feature.
The linear fit can be seen to end at a higher concentration rather than zero,
which most likely is due to some ethane residue in the background measurements.
Subtraction of this signal results in a positive concentration offset as can be seen in
the figure. The detection limit (1σ) of the WMS recordings was determined at 1.1
ppbv in 3.1 seconds for the 76 meter absorption path length, which corresponds
to a noise equivalent absorption of 5.8× 10−8 cm−1/Hz1/2.
6.5 Long scan of lab air and ethane mixture
Figures 6.5A to 6.8A depict a long scan of 35.4 cm−1 in a 100 mbar mixture of lab
air and ethane, which was recorded in three segments. In the spectrum absorption
peaks are visible of ethane (5.9 ppmv), methane (1.2 ppmv, estimated from typical
air concentration) and water (0.90%, measured with hygrometer). The spectra
for these gases were also calculated based on HITRAN data [60] using a pseudo-
Voigt profile [61] (Figures 6.5B to 6.8B). Each segment was recorded by pump
tuning only, after which the PP-MgO-LN crystal temperature was changed to
shift the scan to a different idler wavelength range. During this long scan, both
the direct absorption and second harmonic signals were recorded with the slower
data acquisition card. In our case second harmonic detection does not yield the
best sensitivity, but unlike first harmonic detection it does remove the majority
of the fringes visible in the direct absorption signal.
6.6 Conclusion and Outlook
By combining the fiber-amplified diode laser pumped OPO with wavelength mod-
ulation spectroscopy, a rapid trace gas detection method was formed which is use-
ful over the entire wavelength range of the OPO. An ethane absorption peak was
measured at different concentrations and a detection limit was determined of 1.1
ppbv in 3.1 seconds, corresponding to a noise equivalent absorption of 5.8× 10−8
cm−1/Hz1/2. Also multi-component detection capability was demonstrated in a
mixture of lab air and ethane.
These measurements have shown that this method has the potential to record
broad spectra at high sensitivity within seconds. Thereby it meets the wish of the
life science community for rapid, multi-component trace gas detection to follow
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dynamic processes and to have a fast diagnostics system.
The longer scans provided here have been withheld in its recording time by the
need for spectral information from a wavelength meter. However, this can easily
be solved by splitting part of the beam into a set of etalons and a reference gas
cell to obtain accurate wavelength information.
Also the sensitivity of the system can still be considerably improved by one or
two orders of magnitude by recording a simultaneous reference background signal
with the measurements. Most fringes and time-dependent fluctuations can then
be cancelled out, removing the main obstruction in sensitivity.
One of the drawbacks of wavelength modulation spectroscopy is that the de-
tectable absorption features are determined by the modulation amplitude, i.e.
broader absorption features will only have a very small first or second derivative
and are thus difficult to detect. If rapid detection of these gases is desired, while
maintaining a broad spectral coverage provided by the OPO, the only detection
method that can be used is direct absorption in a multi-pass cell. In the direct
absorption spectra shown here the variation of the background was a limiting fac-
tor for the sensitivity and prevented averaging of the signal over longer periods.
However, when this noise can be removed as suggested before, fast sweeps and
more averaging can lead to detection limits comparable to wavelength modulation
and other spectroscopic methods.
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Chapter7
Selective trace gas detection of
complex molecules with a continuous
wave Optical Parametric Oscillator
using a planar jet expansion
Abstract
We present a trace gas detection method for complex molecules using continuous
cavity ring-down spectroscopy in combination with a continuous wave optical
parametric oscillator (tunability wavelength 2.8-4.8 µm, power 1 Watt) sampling a
supersonic planar jet expansion (dimensions nozzle 3 cm × 80 µm). The improved
molecular selectivity allows simultaneous detection of larger numbers of complex
molecules. With a total optical path length of 180 m in the planar jet a detection
limit for methanol in an air expansion was determined at 70 ppbv corresponding
to a minimal detectable absorption of 2.2 × 10−8 cm−1 with a total acquisition
time of 90 s.
Trace gases are distinctive markers of biological processes that occur in plants,
animals and humans. An excellent method for highly sensitive and selective de-
tection of these volatile organic compounds (VOC’s) is laser spectroscopy. A
Published as: “Selective trace gas detection of complex molecules with a continuous wave
optical parametric oscillator using a planar jet expansion”, A.K.Y. Ngai, H. Verbraak, S.T.
Persijn, H. Linnartz, and F.J.M. Harren, Applied Physics Letters 90, 081109 (2007)
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combination of a laser source in the mid-infrared ‘fingerprint’ region and a sensi-
tive trace gas detection method, such as photoacoustic spectroscopy [55; 88; 109]
or cavity ring-down (CRD) spectroscopy [64; 66] provides the means to detect
multi-component gases at sub-ppbv (parts-per-billion by volume) levels. Trace
gases such as nitric oxide, methane, ethylene and ammonia [1; 6; 110] have been
successfully detected in a number of applications. However, a problem arises when
trace gas detection is extended to larger, more complex molecules, which repre-
sent the majority of VOC’s. At room temperature, molecules such as isoprene
and methanol exhibit very broad and complex absorption patterns. Because of
their lack of symmetry, these molecules tend to have a high degree of vibrational
and rotational freedom, resulting in complex spectra consisting of a multitude of
overlapping lines. This complicates the spectral identification considerably and it
also effectively decreases the state density, i.e. detection sensitivity.
One way to tackle this problem is to measure molecular absorptions at multiple
points spread over entire absorption bands of gases [111; 112]. The required scan
range typically spans several hundreds of wavenumbers, thus requiring widely
tunable coherent sources such as CO and CO2 lasers, sources based on difference
frequency generation (DFG), or optical parametric oscillation (OPO). For suc-
cessful detection the coherent light source has to be properly combined with the
sometimes limited detection method. In general, direct absorption spectroscopy
suffers from low sensitivity, photoacoustic spectroscopy requires a long measur-
ing time (due to relaxation effects and acoustical build up), cavity enhancement
methods are limited by mirror coating properties, while wavelength or frequency
modulation works best only for relatively sharp absorption features. In addition,
the method of recording broad absorption bands is mainly applicable to a re-
stricted number of compounds; an increased number of gases will definitely result
in a reduced sensitivity and accuracy.
Therefore, we introduce a method of detecting traces of complex molecules based
upon a combination of continuous cavity ring down spectroscopy using a contin-
uous wave (cw) infrared OPO system sampling a supersonic planar jet expan-
sion. Supersonic slit jet expansions, both cw and pulsed, are well known in the
field of molecular spectroscopy, particularly for high resolution studies of van der
Waals complexes [113], cluster ions [114] and molecular transients [67]. They have
however never been applied in the field of trace gas detection. A planar expan-
sion combines a Doppler free environment with a relatively large absorption path
length and low final rotational temperatures. The adiabatic cooling compresses
the population distribution of a complex species into the lowest quantum states.
Broad, complex and overlapping absorption patterns thus become distinctive with
linewidths that are principally determined by the residual Doppler broadening.
Relatively short scans over tenths of wavenumbers are sufficient to unambiguously
identify and quantify multiple compounds with high sensitivity (ppbv’s) and short
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Figure 7.1: Schematic of the experimental setup for improving trace gas detection of
complex molecules. A cw optical parametric oscillator is used as a tunable infrared source
and cw CRD is used to monitor cold complex species in a planar expansion in direct
absorption.
scan times (seconds).
For this experiment a home-built cw OPO (Figure 7.1) is used, which has pre-
viously been described in detail by Ngai et al. [99]. The OPO covers the mid-
infrared wavelength region between 2.8 and 4.8 µm, where the majority of gases
have strong, characteristic absorptions. It provides high power (∼ 1 Watt), con-
tinuous tunability with complete coverage and a very narrow linewidth of 7 KHz
over 20 µs and 4.5 MHz over 1 s. The OPO consists of a magnesium-doped pe-
riodically poled lithium niobate crystal with seven periods ranging from 28.5 to
31.5 µm (HC Photonics), and a singly-resonant bow-tie cavity which is resonant
for the signal. A 0.4 mm thick YAG etalon in the cavity serves as an additional
wavelength-selective element. The OPO is pumped by a 10 W cw Nd:YAG laser
(Lightwave MOPA 6000) with 1.3 cm−1 continuous tunability. After tuning to the
desired wavelength region, which is achieved by selecting the appropriate crystal
period and temperature, the same combined pump laser and intracavity etalon
scanning method is used as described previously [99]. This allows high-resolution
scans covering approximately 7 cm−1. The wavelength and power stability of the
OPO system are further enhanced by embedding the OPO cavity into a monolithic
aluminum block, maintained at 30◦C using a closed water circuit.
For trace gas detection a continuous planar jet is used by expanding gas mixtures
at a stagnation pressure of 400 mbar through a long and narrow slit nozzle (3 cm
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× 80 µm). In order to guarantee stable gas expansion conditions, a roots blower
with a total pump capacity of 4500 m3/h is used resulting in background pressure
in the expansion chamber lower than 0.2 mbar during jet operation.
The ring-down cavity is incorporated into the expansion chamber such that the
optical path traverses the full length (3 cm) of the jet expansion parallel to the
slit (Figure 7.1). The OPO beam intersects the expansion typically 1.5 mm down-
stream from the orifice. The total cavity length amounts to 60 cm. The length of
the ring-down cavity is periodically modulated at 30 Hz covering two Free Spec-
tral Ranges (FSR) of the cavity to assure a ring-down event during each period.
An AOM is used to block the cavity as soon as the cavity becomes transparent for
the infrared light, resulting in typical ring down events with ring down times of
the order of 12 µs, which corresponds to an optical jet absorption path of 180 m.
The used CRDS mirrors have a radius of curvature of 1 m and 99.98% HR coating
with a center frequency around 3000 cm−1 (Los Gatos Research). Since OPO,
molecular jet and detection method are cw, there is no need for more complex
trigger and timing schemes.
We chose the important trace gas methanol [115; 116] to demonstrate the po-
tential of trace gas detection in a jet expansion. At room temperature CRD
measurements result in a complex absorption feature with an intricate absorp-
tion pattern. To illustrate this, part of the CH stretching region of methanol
(Q-branch, K = 1   0,−   +) at 3009 cm−1 has been recorded (see Figure 7.2a)
by filling the expansion chamber with a mixture of 125 ppmv methanol in lab air
at 10 mbar. From the spectrum it is directly apparent that analyzing a mixture
of several gases under these conditions would become a daunting task. In Figure
7.2b the same wavelength region is shown for an expansion of 60 ppmv methanol
in lab air (flow rate 525 l/h). The rotational cooling makes the spectrum free of
additional hot bands and greatly simplifies the identification of the trace gas in
a multi-component gas mixture as the spectrum consists of a clear progression of
ro-vibrational transitions. A rotational temperature of 35 K is derived from the
intensity distribution among the lines in the Q-branch. The FWHM of the lines
(105 MHz) is determined by residual Doppler broadening in the expansion and
substantially narrower than in corresponding cell experiments.
Relatively broad and rather weak absorptions are observed in the background of
the spectrum, with clear overlaps with the methanol spectrum recorded at low
pressure in lab air. This is attributed to the presence of gas outside the jet [64]
and demonstrates, once again, the gain in spectral selectivity in the present setup.
Since the population distribution of methanol is compressed into the lowest vi-
brational and rotational levels, absorption efficiencies are derived that are up to
three times higher than at room temperature. This enhancement partially com-
pensates the decrease in effective absorption path length, 3 cm as compared to the
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Figure 7.2: Cw CRD spectra of the CH stretch fundamental region of methanol (Q-
branch, K = 1   0,−   +) with (a) 125 ppmv methanol in 10 mbar lab air without jet,
(b) an expansion of 60 ppmv methanol in a 525 l/h lab air flow and (c) an expansion
of 1250 ppmv methanol in 25 l/h air mixed with 500 l/h argon. For each data point 16
ring-down events were averaged over an acquisition time of 1 s.
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60 cm length of the full ring-down cavity, as well as the lower effective geometrical
coverage as the OPO beam (waist 0.85 mm) is narrower than the width of the
expansion (3 mm). To determine the detection limit of the present system, full
advantage has been taken of the acquired wavelength-dependent absorption. By
performing a Gaussian fit on the Q(4) peak and using the area as measure for the
concentration, a detection limit (S/N=1) of 70 ppbv is derived over a time period
of 90 s. This corresponds to a minimum detectable absorption of 2.2×10−8 cm−1.
The noise level has been determined by fitting a similar wavelength scan in an
expansion of pure argon.
Lab air is not an effective cooling gas due to the presence of N2 and therefore an
additional spectrum has been recorded of 1250 ppmv methanol in lab air (25 l/h)
mixed with argon (500 l/h, see Figure 7.2c). The addition of argon substantially
improves the cooling properties of the expansion and a final rotational temperature
of 17 K is achieved. In addition, absorption lines with a further reduced FWHM of
79 MHz are obtained. This provides a further gain in spectral purity, but reduces
the detection limit for methanol to 350 ppbv because of the 20 times weaker
mixture. Nevertheless, the gain in state density due to the stronger rotational
cooling limits the sensitivity decrease to a factor five only.
The best results have thus been acquired in an air cooled jet with a minimum
detectable absorption of 2.2 × 10−8 cm−1. The higher population of the lowest
rotational levels improves the detection sensitivity. The limited absorption path
length through the expansion and the lower effective geometrical coverage of the
OPO beam in the expansion, however, result in detection limits that are two orders
of magnitude lower than found in the CRD experiment using a gas cell filled at 10
mbar. Trace gas detection in the jet expansion, however, strongly improves the
molecular selectivity and allows the simultaneous detection of different complex
molecules without the necessity to scan over wide wavelength ranges. A logical
extension of the present experiment is to use a pulsed planar expansion. This
allows higher molecular densities in the expansion at even lower final rotational
temperatures with reduced gas consumption and substantially smaller pump ca-
pacities. Even though this will complicate the trigger scheme [117] it will make a
set-up more sizable and usable for research, with application in atmospheric and
Life Sciences.
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No evidence for substantial aerobic
methane emission by terrestrial plants:
a 13C-labelling approach
8.1 Abstract
• The results of a single publication stating that terrestrial plants emit methane
has sparked a discussion in several scientific journals, but an independent
test has not yet been performed.
• Here it is shown, with the use of the stable isotope 13C and a laser-based mea-
suring technique, that there is no evidence for substantial aerobic methane
emission by terrestrial plants, maximally 0.3% (0.4 ng g−1 h−1) of the pre-
viously published values.
• Data presented here indicate that the contribution of terrestrial plants to
global methane emission is very small at best.
• Therefore, a revision of carbon sequestration accounting practices based on
the earlier reported contribution of methane from terrestrial vegetation is
redundant.
Published as: “No evidence for substantial aerobic methane emission by terrestria plants: A
13C-labelling approach”, Tom A. Dueck, Ries de Visser, Hendrik Poorter, Stefan Persijn, Antonie
Gorissen, Willem de Visser, Ad Schapendonk, Jan Verhagen, Jan Snel, Frans J.M. Harren,
Anthony K.Y. Ngai, Francel Verstappen, Harro Bouwmeester, Laurentius A.C.J. Voesenek, and
Adrie van der Werf, New Phytologist doi:10.1111/j.1469-8137.2007.02103.x (2007)
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8.2 Introduction
Methane is a very potent greenhouse gas and originates both from anthropogenic
and natural sources [118]. Recent findings suggest that terrestrial plants may
also emit methane under aerobic conditions by an as yet unknown physiological
process [81], and in this way may substantially contribute to the annual global
methane budget [118]. Scaling up from individual plants to global vegetation
resulted in estimated values for methane emission by terrestrial plants varying
between 10 and 260 Tg yr−1 [81; 119; 120]. These values are impressive and can
have large repercussions for the mitigation of climate change. The high emission
rates might account for the plumes of methane observed above tropical forests
[121]. These high methane emissions might also provide a link between the annual
decline in growth rate of atmospheric methane, on the one hand, and deforestation
during the last decade on the other [81; 118; 122]. Keppler et al. [81] sparked a
discussion among both the scientific community and the general public [123–126]
and their data are being used in global methane modeling [118; 119], However,
these discussions are based on short-term experiments in one single laboratory
which were criticized for the experimental setup [120]. Therefore, our aim was to
re-examine their findings in an independent study by testing, in both the short
and longer terms, whether plants are, in fact, able to emit methane.
8.3 Materials and Methods
8.3.1 Plant growth
Six plant species were used - Ocimum basilicum L. (basil), Triticum aestivum L.
(wheat), Zea mays L. (maize), Salvia officinalis L. (sage), Lycopersicon esculen-
tum Miller (tomato), and Oenothera biennis L. (common evening primrose) - the
first three of which were also used by Keppler et al. [81]. Since methane emission
appeared to be species-dependent, wheat and maize were included because they
showed the highest methane emission rates in the Keppler et al. [81] study. The
plants were grown together in the ESPAS (Experimental Soil Plant Atmosphere
System) facility [127], a unique hermetically sealed plant growth chamber with a
volume of 3500 l, specifically designed for atmospheric isotope labeling. Plants
were grown hydroponically (i.e. soil-free) to exclude any methane production
derived from anaerobic soil pockets.
The environmental and atmospheric conditions were fully controlled in the ES-
PAS. Plants were labeled (IsoLife BV, Wageningen, the Netherlands) from seed
on hydroponics for a period of 9 wk in 13C-CO2 (99 atom% 13C, 1% 12C using
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CO2 from cylinders in which no 13C-methane could be detected; Isotec, Inc., Mi-
amisburg, OH, USA) instead of the natural atmospheric 13C-CO2 concentration
(1.1% 13C, 98.9 atom% 12C). Plants were grown at a light intensity of 500 µmol
m−2 s−1 during a 16 h day, a day : night temperature of 23 : 18◦C and RH of 75
: 80%. Under these light conditions, most herbaceous plant species grow at their
maximum rate [128]. CO2 concentrations in the growth chamber were 550 ppmv
on average during the light period.
8.3.2 Measurements of methane emission
In the first experiment, two to four plants of basil, sage, wheat and maize were
transferred to continuous-flow gas exchange cuvettes [129] 7 and 8 wk after sowing
for methane measurements. In this system, shoots were sealed off from the roots,
that is, any methane measured would have been derived from the shoots only. All
measurements were performed in comparison to measurements of control cuvettes
without plants, at background 13C- and 12C-methane concentrations of 22 and
2100 ppbv, respectively. The plants were allowed to attain steady-state conditions
for at least 2 h, after which measurements were performed. In order to increase
the sensitivity of the methane measurements, the flow was set to a relatively low
value of 60-120 l h−1 for plants with a shoot dry weight (DW) of 5-14 g (leaf
areas varying from 800 to 1700 cm2). Consequently, 13C-CO2 concentration in
the cuvettes was c. 300 ppmv (with c. 900 ppmv CO2 entering the cuvette),
except for the larger maize plants, which were measured at c. 200 ppmv 13C-CO2
and RH was above 90%. Plants were measured at a light intensity of 300 or 600
µmol m−2 s−1, and with a corresponding air temperature in the cuvette of 25 or
35◦C, respectively.
In the second experiment, the ESPAS growth chamber was briefly vented after 9
wk with ambient air to remove any possible accumulated methane. The incoming
13C-CO2 in the ambient air was captured in soda lime and replaced by 99 atom%
13C-CO2, after which air samples were taken at 2 d intervals during a 6 d period
for methane analysis. Contrary to measurements in the first experiment, roots
were not sealed off from the shoots. Any methane measured in the ESPAS growth
chamber would have originated from both shoots and roots. The 13C enrichment
of plant material was determined using GC-MS analysis (after derivatization) of
leaf extracts. The average atom% 13C was deduced from the mass spectral peak
intensities of 12C and 13C containing fragments of fructose.
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8.3.3 Measurement of methane
Gas samples (2-4 l) from the continuous-flow gas cuvettes and the ESPAS facility
were collected in Tedlar and aluminium coated Teflon bags. Before measurements,
transpiration water was removed with a CaCl2 scrubber in order to prevent di-
lution effects. The concentration of 13C-methane in the samples was determined
using photo-acoustic spectroscopy in combination with a continuous-wave, opti-
cal parametric oscillator (OPO). The OPO combines high power (> 1 watt), a
broad tuning range (2.75-3.83 µm) and a narrow line width (4.5 MHz over 1 s)
[88]. A high sensitivity for trace gas detection is achieved when operating in the
mid-infrared wavelength region where molecules have their strongest vibrational
absorption bands. The precision of the laser-based system is shown in Figure 8.1.
At the natural background concentration (22 ppbv 13C-methane), a detection limit
of 3 ppbv is realized [88; 99]. The gas from the sampling bags was sucked through
the detection cell at a flow rate of 1-2 l h−1. 13C-methane was detected using
one of its strong absorption features centered at 3240.08 nm. Figure 8.2 shows
calculated and measured 12C-methane and 13C-methane absorption spectra in air.
To subtract interferences from 12C-methane, the OPO was scanned over a wider
wavelength range of 0.5 nm. The complete detection system was calibrated using
bags with a known concentration of 13C-methane (Isotec, Inc, Miamisburg, OH,
USA).
8.3.4 Calculation of methane emission rates
In Experiment 1, the methane emission rate (MER) was calculated by multiplying
the flow rate of incoming air into the cuvette by the difference in methane con-
centration between cuvettes with and without a plant. No correction for dilution
of the airstream by transpiration was made, as air samples were dried before the
measurements. In Experiment 2, MER was calculated as follows: (8.48) (AM,
amount of 13C-methane in the ESPAS (nl); PDW, total plant DW in the ESPAS
(g); t, time (h)).
8.3.5 Photosynthesis
Photosynthesis was measured using a LI-COR 6400-40 with an incorporated light
source with a programmable light intensity. Stomatal conductance and inter-
cellular CO2 concentration were calculated based on vapor pressure deficits and
transpiration rates of the leaves, which were measured along with CO2 assimila-
tion rates.
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Figure 8.1: Calibration curve for a series of methane concentrations. Horizontal bars
indicate variations in the standard and vertical bars indicate the standard error of the
measurement signal (n = 3).
8.4 Results
8.4.1 Experiment 1
The 13CO2 plants grown in the hermetically sealed ESPAS chamber did not differ
visually in their morphology from 12CO2-grown plants. They also showed normal
rates of photosynthesis and photosynthesis-related parameters under these condi-
tions (Table 8.1). Almost 99% of the carbon (98.4 - 99.0%) found in these plants
was in the form of 13C (data not shown). Thus, we can expect that nearly 99%
of the methane emitted by these plants is in the form of 13C-methane.
After 7 and 8 wk of growth in the ESPAS growth chamber, four of the plant
species were transferred to continuous-flow gas exchange cuvettes [129] and ana-
lyzed for 13C-methane emission from shoots under various environmental condi-
tions. In general, the methane concentrations in the continuous-flow gas cuvettes
with plants were not significantly higher than those of control cuvettes without
plants (Table 8.2), the difference between the two being close to or below the
detection limit. Based on this difference, we calculated emission rates for the four
species ranging from -10 to 42 ng g−1 h−1, with an overall mean of 21 ng g−1
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Figure 8.2: Methane spectra. (a) Spectra calculated from the Hitran database [60].
The arrow indicates the 13C-methane peak used for the measurements. (b) Measured
photoacoustic spectrum of laboratory air.
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h−1 (Table 8.3). These emission rates were not statistically significant from zero.
Our emission rate with the continuous-flow system was six to 18 times lower than
the average methane emission rates given by Keppler et al. [81], that is, 119 and
374 ng g−1 h−1, compared with our measurement of 21 ng g−1 h−1. Increas-
ing the light intensity and temperature did not increase the emission of methane
(Table 8.3). An additional test was performed to check for leakage, oxidation or
adsorption, by adding a known amount of labeled methane to the flow-through
system. A recovery of c. 98% was achieved. Therefore, we can preclude the loss
of methane in the experimental system.
Stomatal
Photosynthesis conductance Ci
Species (µmol m−2 s−1) (mol m−2 s−1) (ppmv)
Ocimum basilicum (basil) 10.1± 0.8 0.15± 0.01 242± 2
Salvia Officinalis (sage) 12.8± 0.8 0.39± 0.01 292± 3
Triticum Aestivum (wheat) 9.6± 0.8 0.28± 0.09 290± 15
Zea Mays (maize) 8.3± 0.8 0.07± 0.01 165± 18
Table 8.1: Net photosynthesis per unit leaf area, stomatal conductance and intercellular
CO2 concentration (Ci) of leaves at a photosynthetic quantum flux density of 600 µmol
m−2 s−1 for four plant species grown in 13C-CO2. Values are means ± SE (n = 2− 3).
Species LL (ppbv) HH (ppbv) Mean (ppbv)
Ocimum basilicum (basil) 2.0± 0.9 0.1± 0.5 1.2± 0.7
Salvia Officinalis (sage) 1.0± 1.8 3.1± 1.6 1.8± 1.2
Triticum Aestivum (wheat) 1.1± 1.1 −0.5± 2.0 0.6± 1.0
Zea Mays (maize) 1.8± 1.0 1.0± 1.5 1.5± 0.8
Table 8.2: Mean methane difference in concentrations between measuring and control
cuvettes (with 22 ppbv background 13C-methane) from four plant species under steady-
state conditions. LL, low light, low temperature; HH, high light, high temperature. Values
are means ± SE. Measurements were performed under conditions of low light and low
temperature (LL, 300 µmol m−2 s−1, 25◦C), and high light and high temperature (HH,
600 µmol m−2 s−1, 35◦C). 13C-methane concentrations in the control cuvettes varied from
17 to 24 ppbv, with a mean of 19.3 ppbv. Mean value per species are given (n = 2 − 4).
Differences between treatments and species were tested with a weighted analysis of variance
at α = 0.05.
8.4.2 Experiment 2
Even with our approach to boost sensitivity by measuring 13C-methane, we came
close to the detection limit of our laser-based technique. In order to substantiate
our findings with additional evidence, we performed a second, longer-term exper-
iment with a much greater plant biomass. We grew a large number of plants from
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LL HH Mean
Species (ng g−1 h−1 ) (ng g−1 h−1 ) (ng g−1 h−1)
Ocimum basilicum (basil) 42± 42 −1± 6 25± 24
Salvia Officinalis (sage) 16± 23 20± 17 17± 12
Triticum Aestivum (wheat) 26± 33 −10± 12 14± 36
Zea Mays (maize) 39± 54 7± 12 28± 36
Table 8.3: Emission rates of 13C-methane from four plant species under relatively low
light and low temperature (LL), and relatively high light and high temperature (HH).
Values are means ± SE. LL, 300 µmol m−2 s−1, 25◦C; HH, 600 µmol m−2 s−1, 35◦C.
Emission rates are based on the concentration values in Table 8.2 (n = 2−4). Differences
between treatments and species were tested with a weighted analysis of variance at α =
0.05.
six species in the ESPAS facility. It was briefly flushed with ambient air after 9
wk to remove any possible accumulated methane. Air samples were taken at 2 d
intervals during a 6 d period for 13C-methane analysis. Contrary to the first ex-
periment, in which only shoots were measured, any methane measured here would
have been derived from shoots and/or roots. During this 6 d period, the total
plant biomass in the ESPAS growth chamber increased from 289 to 374 g DW.
Based on the measured average methane emission of 21 ng g−1 h−1 in the first
experiment and the plant biomass present in the growth chamber, we expected
to measure 495 ppbv 13C-methane at the end of this period, a value well above
our detection limit. In reality, we found an increase over time of less than 1 ppbv
13C-methane (Table 8.4), which is only 0.1 and 0.3%, respectively, of the emis-
sions that would have been expected on the basis of the rates under ‘sunlight’ and
‘no sun’ conditions reported by Keppler et al. [81] (Figure 8.3a). This implies
an emission rate of between -0.9 and 0.4 ng g−1 h−1, which is not statistically
different from zero (Figure 8.3b). Recovery checks in the ESPAS growth chamber
without plants following injection of 13C-methane showed that only 0.3% of the
400 ppbv methane spike was lost daily during a 6 d period. This rules out the
possibility of substantial loss through leakage, oxidation or adsorption.
8.5 Discussion
One of the consequences of using a flow-through gas exchange system is that
methane measurements must be highly sensitive to measure changes in methane
concentrations against a background concentration of c. 2000 ppbv methane.
Therefore, we made use of plants uniformly labeled with 13C, an optical parametric
oscillator for methane detection, and used low air flow rates relative to the amount
of biomass present. Uniform 13C-labelling of lower plant species such as algae has
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Methane concentration in growth chamber (ppbv)
Calculated Measured
Continuous-flow
‘Sunlight’ ‘No sun’ gas
plants plants exchange cuvettes
Time (374 (119 (21± 11 Biomass
(d) ng g−1 h−1) ng g−1 h−1) ng g−1 h−1) ESPAS (g)
0 23 23 23± 5 23± 5 289
2.2 2248 649 170± 89 22± 5 317
3.8 4265 1217 303± 159 24± 5 346
5.9 7185 2038 495± 260 23± 4 374
Table 8.4: Calculated and measured concentrations of methane in the plant growth cham-
ber based on average emission rates for ‘sunlight’ plants and ‘no-sun’ plants reported by
Keppler et al. [81], based on our measurements in continuous flow gas exchange cham-
bers on individual 13C-plants and actual measurements on a mixture of plant species
in the ESPAS growth chamber. Means ± SE are given (n = 24 for individual plants
in continuous-flow gas exchange chambers; n = 6 for growth chamber). Biomass was
calculated on the basis of the daily amount of 13C-CO2 injected in the ESPAS and the
conversion efficiency from 13C-CO2 to biomass. 13C-methane measured in the ESPAS
includes the natural background (22 ppbv 13C-methane).
already been performed for decades [130]. Even though fractionation of 13C occurs
to some extent in a range of enzymatic reactions and metabolic pathways [131–
133], the strength of the fractionation is generally far less than 1%. No indication
of significant ‘metabolic shifts’ exists in uniformly 13C-labelled plants [134–137].
We are therefore confident that our 13C-grown plants behaved similarly to 12C-
grown plants.
In their experiment, Keppler et al. [81] made use of relatively small closed cu-
vettes, which results in a continuous decline in CO2 and an increase in relative
humidity, air temperature and especially leaf temperature, as well as an accumula-
tion of methane. Under these conditions the methane emission rate for detached
leaves of basil, wheat and maize were similar to those measured in this study.
However, they observed much higher methane emission values for intact plants,
that is, 119 and 374 ng g−1 h−1 for ‘no sun’ and ‘sunlight’ plants, respectively.
By contrast, we used open systems in the form of continuous-flow gas exchange
cuvettes in order to realize steady-state conditions with respect to light, tempera-
ture, ambient CO2 concentrations and relative humidity. All measurements were
performed at a constant natural methane background concentration of c. 2000
ppbv. Thus, performed under physiologically relevant and controlled conditions,
we were not able to measure substantial methane emissions (Figure 8.3).
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Figure 8.3: Long-term steady-state methane emissions by vegetation. (a) Measured
13C-methane emissions (mean ± SE) by a mixture of 13C-enriched plants in the ESPAS
(Experimental Soil Plant Atmosphere System) growth chamber under controlled steady-
state conditions. Plant biomass increased from 289 (day 0) to 374 (day 6) g dry weight
during the experiment (n = 3), and the emissions are given at the median of the time for
accumulated emission. (b) Measured (solid line) and predicted (dashed lines) accumulation
of methane by 13C-enriched plants in the ESPAS growth chamber. Measured methane
concentrations (solid line, closed squares), and methane concentrations predicted from
our continuous-flow experiment (Table 8.3; 21 ng g−1 h−1, dashed line, open triangles),
or from Keppler et al. [81] (‘sunlight’, 374 ng g−1 h−1, dot-dashed line, closed diamond;
‘no sun’, 119 ng g−1 h−1, dotted line, open squares).
In the longer-term experiment with a large plant biomass to increase the potential
emission of methane, no increase above the background concentration of 22 ppbv
13C-methane was measured. With the large plant biomass and the emission rates
indicated by Keppler et al. [81] for ‘sunlight’ and ‘nosun’ plants, or even the rate
we found in the continuous-flow cuvettes, the methane concentration would have
been greatly increased in the ESPAS growth chamber. But this was not the case,
which can only mean that the 375 g of plant biomass in the growth chamber did
not emit any methane at all.
To date, the Keppler et al. [81] study had yielded the only experimental data
on methane emission from plants, and concluded that plants are indeed able to
emit substantial amounts of methane. Is there, then, an explanation for the large
difference between our results and those of Keppler et al.[81]? One possible ex-
planation may lie in the flushing procedure before measurements. Keppler et
al. [81] flushed their cuvettes with methane-free air to remove ambient methane.
However, if plants still contain ambient methane concentrations in intercellular
air spaces and air spaces in the soil system (c. 2000 ppbv), as well as in lipid
membranes and water, this may have diffused to the surrounding air during their
measurements following a concentration gradient. The rate of this diffusion pro-
cess would have been influenced by temperature. Keppler et al. [81] provided no
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details on plant growth conditions before the experiment, and the description of
their experiments and methodology is rather poor. For example, no information
was given on the light intensities of the ‘no sun’ and ‘sunlight’ conditions. Fur-
thermore, no mention was made of possible stress conditions in their static air
cuvettes. Therefore this explanation is a suggestion, at best, and we cannot be
sure if this might fully explain the discrepancy.
Up until now, no other data on methane emissions of plants have been published.
However, our results are indirectly confirmed by a recent study [138], in which
methane emissions were modeled using stable isotope data from ice cores. Their
best estimate was 80% lower than that of Keppler et al. [81], and their confidence
interval for methane emission even included zero emission.
8.6 Conclusions
In this paper we measured both short- and longer-term emissions of methane
from various plant species. The experimental design entailed measurements under
physiologically relevant and controlled conditions. We did not find any evidence of
a substantial emission of methane by terrestrial plants under aerobic conditions.
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8.7 Addendum
Methane shows a very pronounced absorption spectrum around 3000 cm−1 which
is dominated by the strong ν3 band [139; 140]. Figure 8.4 shows a part of this spec-
trum as calculated from Hitran for both 13CH4 and 12CH4. Since both molecules
are spherical rotors, their spectra are similar but shifted by about 10 cm−1 due to
the difference in the carbon mass [141]. For the detection of 13CH4 the lines around
3086 cm−1 were selected based on several criteria. The water vapor absorption
strength at this wavelength is a factor ∼ 106 weaker than methane. Furthermore,
the absorption features of 13CH4 and 12CH4 are sufficiently separated from each
other at a photoacoustic cell pressure of 250 mbar and the 13CH4 is represented
by a relatively strong absorption.
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Figure 8.4: Calculated absorption (cm−1) of 2 ppmv methane (panel (a): 12CH4, panel
(b): 13CH4) buffered in 1013 mbar nitrogen. The dotted box indicates the lines selected
for the methane measurements.
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Figure 8.5: Recovery test of 13CH4 in the ESPAS facility. A certain amount of 13CH4
was injected in the chamber to yield a concentration of 400 ppb 13CH4 in the chamber.
Tests were performed to confirm the correct recovery and detection of the methane
from the continuous-flow gas exchange cuvettes and the ESPAS. For this purpose
a known amount of 13CH4 was injected into the growth chamber and air samples
were taken over a period of 6 days from the ESPAS. The samples were then mea-
sured to contain 400 ppbv of 13CH4 and showed a non-significant concentration
decrease of 0.3% (Figure 8.5). Note that the used concentration is well below the
expected methane values derived from the production rates of Keppler et al. [81]
(2 ppmv for no sun light, 7 ppmv with sun light). Also in the continuous-flow
gas exchange cuvettes no significant loss of methane was observed. As a final test
a sample bag was filled with a known amount of methane and measured over a
period of three days. Again no significant loss could be found.
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Summary
Nowadays, gas phase spectroscopy is very common in a wide variety of applications
within chemistry, physics, biology and medicine. Spectroscopic gas sensors have
proven to be an indispensable tool in research, ranging from living organisms
to air pollution monitoring. Especially, laser-based absorption spectroscopy can
offer the demanded high sensitivity and selectivity for multi-component detection
of low concentrations mixtures of gases. In the mid-infrared wavelength region the
continuous wave Optical Parametric Oscillator (OPO) can meet these demands;
it possesses wide wavelength coverage, rapid tuneability, high laser power, and
narrow linewidth.
This thesis reports on the development of continuous wave, singly resonant OPOs
(SRO) for trace gas detection. For trace gas detection the OPO has to have
the capability to rapidly and continuously scan over hundreds of wavenumbers
to detect a wide variety of gases in multi-component mixtures. It should also
incorporate the possibility to jump to, and remain locked at, specific wavelengths,
e.g. in the case that certain gas absorptions have to be detected, rapidly and/or
with high accuracy. This has to be accomplished while retaining a high power,
narrow linewidth, and high frequency stability. The OPO was demonstrated and
evaluated in combination with a number of sensitive trace gas detection schemes.
After 3 introduction chapters, chapter 4 reposts a bout a high power (2.75 W),
broadly tunable (2.75-3.83 µm) continuous wave OPO, operated for the first time
on MgO-doped Periodically-Poled Lithium Niobate (PPLN). By using such a crys-
tal a much better wavelength and power stability was achieved, which made it
much easier to apply the OPO for the use of trace gas detection. Due to the
automated wavelength tuning scheme for: the pump laser of the OPO, the etalon
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in the OPO cavity and temperature tuning of the PPLN crystal a continuous
wavelength coverage up to 450 cm−1 per poling period of the PPLN was achieved
at a resolution of < 5× 10−4 cm−1. The bandwidth of the OPO is 4.5 MHz over
1 s; by averaging the mode spectrum of a high finesse cavity a 7 KHz over 20
µs was observed. The latter was determined by the ring down time of the light
coupled into the high finesse cavity. The versatility of the OPO as light source
in trace gas detection was demonstrated with photoacoustic and cavity ring-down
spectroscopy. For example, we observed using photoacoustics a 17 cm−1 wide
CO2 spectrum at 2.8 µm, next to and multi-component gas mixtures of methane,
ethane and water in human breath. Methane (at 3.2 µm) and ethane (at 3.3 µm)
were detected using cavity ring-down spectroscopy with detection limits of 0.16
and 0.07 ppbv (parts per billion volume), respectively. A recording of 12CH4 and
13CH4 isotopes of methane shows the ability to detect both species simultaneously
at similar sensitivities.
A second OPO was build which was pumped by a fiber-amplified DBR diode
laser (chapter 5). The OPO, which generated up to 300 mW of idler output in
the 3-4 µm wavelength region, was used for trace gas detection by means of quartz-
enhanced photoacoustic spectroscopy (QUEAS). Instead of a normal microphone,
this new form of photoacoustic spectroscopy makes use of a quartz-crystal tun-
ing fork to detect the generated sound waves. Mode-hop-free tuning of the OPO
output over 5.2 cm−1 and continuous spectral coverage exceeding 16.5 cm−1 were
achieved via pump tuning only. Online monitoring of the idler wavelength, with
feedback to the DBR diode laser, provided an automated closed-loop control al-
lowing arbitrary idler wavelength selection within the pump tuning range and
locking of the idler wavelength with a stability of 1.7 × 10−3 cm−1 over at least
30 minutes. Using this approach, the idler wavelength was locked at an ethane
absorption peak and QEPAS data were obtained to verify the linear response of
the QEPAS signal at different ethane concentrations (100 ppbv-20 ppmv) and dif-
ferent power levels. The detection limit for ethane was determined to be 13 ppbv
(20 seconds averaging), corresponding to a normalized noise equivalent absorption
coefficient of 4.4× 10−7 cm−1W/Hz1/2.
In chapter 6 the fiber-amplified DBR diode laser pumped OPO is used in com-
bination with wavelength modulation spectroscopy to take optimal advantage of
the rapid spectral scan speed properties of the DBR laser (100THZ/s) which were
transferred to the OPO. The sensitivity of the system was determined at 1 ppbv
in 3 s for an ethane absorption peak at 2996.9 cm−1. The broad continuous tune-
ability was demonstrated in an ethane and laboratory air gas mixture by covering
35 cm−1 while recording absorption features of ethane, methane and water.
Larger, more complex molecules have absorption features that can spread over
tenths and even hundreds of wavenumbers. Although these features do show
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distinct absorption patterns, it is difficult to identify and quantify gases in a multi-
component mixture. A solution for this is the sampling of these gas mixtures in a
supersonic planar jet expansion (chapter 7). This was done with continuous wave
cavity ring-down spectroscopy. With a total optical path length of 180 m in the
planar jet a detection limit for methanol in an air expansion was determined at
70 ppbv, corresponding to a minimal detectable absorption of 2.2 × 10−8 cm−1
with a total acquisition time of 90 s.
Chapter 8 reports on a biological and environmental application in which the
OPO with photoacoustic spectroscopy was used to show the absence of methane
emission by terrestrial plants. The experiments were performed in a reaction to a
single publication stating that terrestrial plants do emit relatively large quantities
of methane, which has a significant impact on the methane global warming bud-
get. To prove the contrary, plants of six different species were labeled by growing
them in a 99% 13C-CO2 environment for nine weeks, so that methane produced by
the plants could later be distinguished from atmospheric methane. Gas samples
from these plants were captured in bags at regular intervals and the 13C-methane
concentration determined by OPO-based photoacoustic spectroscopy. The result-
ing data indicated that the contribution of terrestrial plants to global methane
emission was very small at best. The experiments required huge amounts of air to
be measured and also continuous measurements of methane air over days were per-
formed, thus demonstrating that the OPO has evolved into a mature instrument
for highly sensitive trace gas detection.

Samenvatting
De absorptie spectroscopie van gassen heeft momenteel een grote verscheidenheid
aan toepassingen gevonden in de chemie, de natuurkunde, biologie en levensweten-
schappen. Dit varieert van het onderzoek aan levende organismen tot aan het
monitoren van luchtvervuiling; in een groot deel van deze onderzoeksgebieden
zijn spectroscopische gas sensoren onmisbaar geworden. Een sterke ontwikkeling
vindt momenteel plaats om de klassieke absorptie spectroscopie met behulp van
lampen te vervangen door nieuwe zeer gevoelige technologien gebaseerd op afstem-
bare lasers met hun extreem hoge spectrale helderheid en zuiverheid. Vooral lasers
hebben de potentie om in het mid-infrarode golflengtegebied de benodigde hoge
gevoeligheid en selectiviteit te bieden om complexe mengsels van gassen op lage
concentraties te identificeren en te meten. De in dit proefschrift beschreven licht-
bron, de ‘continuous wave Optical Parametric Oscillator’ (OPO), is hiervoor een
ideale lichtbron en voldoet aan de eisen van een breed, maar ook snelle, afstembare
lichtbron met een hoge helderheid (vermogen) en een nauwe bandbreedte.
Dit proefschrift beschrijft de ontwikkeling van een continuous wave, singly reso-
nant OPO voor het gebruik van de detectie van gassen bij zeer lage concentraties
(sporengas detectie). Het doel van het onderzoek was een OPO te ontwikkelen
die zeer snel kan scannen over een golflengtebereik van honderden wavenumbers
met een 100% dekking. Ook moet het de mogelijkheid hebben om naar arbitraire
golflengtes te springen en uiterst stabiel op specifieke golflengtes te blijven staan;
bijvoorbeeld wanneer alleen een kleine selectie van gas absorptiepieken snel en
met hoge nauwkeurigheid moeten worden gedetecteerd. Daarbij moeten de eisen
van hoog vermogen, nauwe bandbreedte en hoge stabiliteit gehandhaafd blijven.
De in dit onderzoek ontwikkelde OPO is gebruikt om aan aantal verschillende
experimentele methodes te testen voor het uiterst gevoelig detecteren van sporen-
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gassen.
Naast 3 inleidende hoofdstukken wordt in hoofdstuk 4 de OPO beschreven. Dit is
een hoog vermogen (2.75 W), breed afstembare (2.75− 3.83 µm) continuous wave
OPO waarin voor het eerste gebruik gemaakt wordt van een ‘MgO-doped Period-
ically Poled Lithium Niobate’ kristal. Door de doping van MgO levert dit kristal
een superieur gedrag op in golflengtestabiliteit en vermogensstabiliteit. Hierdoor
is het zeer eenvoudig geworden om de OPO te gebruiken voor sporengas detec-
tie. Door de afstembaarheid van de golflengte, met behulp van de pomp laser,
etalon en kristal temperatuur, te automatiseren werd een continue golflengte af-
stembaarheid bereikt van maximaal 450 cm−1 per poling period met een spectrale
resolutie van < 5 × 10−4 cm−1. De bandbreedte van de OPO is bepaald op 4.5
MHz over 1 seconde door het mode spectrum van een high-finesse cavity te mid-
delen. Ook werd een lijnbreedte gevonden van 7 KHz over 20 µs door te kijken
naar het zogenaamde ‘ringing’ effect dat ontstaat bij het inkoppelen van licht in
de high-finesse cavity. De veelzijdigheid van de OPO als lichtbron voor sporengas
detectie is gedemonstreerd met behulp van fotoakoestische en cavity ring-down
spectroscopie. Ter demonstratie hiervan werd met behulp van fotoakoestiek een
17 cm−1 breed CO2 spectrum rond de 2.8 µm gemeten naast methaan, ethaan en
water in de adem van mensen. Met cavity ring-down spectroscopie werd methaan
(bij 3.2 µm) en ethaan (3.3 µm) gemeten. Hierbij werden gevoeligheden gehaald
rond de 1 op de 10 miljard deeltjes. Tenslotte werd tevens een spectrum van
12CH4 en 13CH4 gemeten om te demonstreren dat beide isotopen kunnen worden
gedetecteerd met gelijke gevoeligheden.
In hoofdstuk 5 wordt de ontwikkeling beschreven van een OPO welke gepompt
wordt door een fiber versterkte DBR diode laser. Deze OPO genereerde een idler
vermogen van 300 mW in het 3-4 µm golflengte gebied. Voor het gebruik van
sporengas detectie werd deze OPO gecombineerd met Quarz Enhanced PhotoA-
coustic Spectroscopy (QEPAS). QEPAS is een nieuwe detectie methode waarin,
in plaats van een microfoon, een kwarts kristal gebruikt wordt (ondermeer aan-
wezig in horloges) voor de detectie van het gegenereerde geluid afkomstig van de
absorptie van gassen. Het voordeel van het pompen met een diode laser is dat
er optimaal gebruik kan worden gemaakt van de ontwikkelingen in de telecom-
industrie. Hierdoor is het zelfs mogelijk om, door het alleen -elektronisch- af-
stemmen van de diode laser, golflengte gebieden te beslaan van zo breed als 16.5
cm−1. Door de idler golflengte va de OPO on-line te meten, kon een feedback
loop worden gemaakt naar de diode laser waardoor willekeurige golflengten gese-
lecteerd en gelocked konden worden met een stabiliteit van 1.7× 10−3 cm−1 voor
een periode van minstens 30 minuten. Gebruikmakend van deze techniek werd de
idler golflengte gelocked op een ethaan absorptie piek en werden QEPAS metin-
gen gemaakt om de lineaire respons van de detector bij verschillende vermogens
te meten bij verschillende ethaanconcentraties (van 100 deeltjes per miljard tot 20
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deeltjes per miljoen). De detectielimiet voor ethaan werd vastgesteld op 13 deelt-
jes per miljard (meettijd 20 seconden ), wat overeenkomt met een genormaliseerde
ruis equivalente absorptie coe¨fficie¨nt van 4.4× 10−7 cm−1W/Hz1/2.
In hoofdstuk 6 werd de OPO met de fiber-versterkte diode laser gebruikt in com-
binatie met golflengte modulatie spectroscopie. Daardoor werd optimaal gebruik
gemaakt van de snelle spectrale scansnelheid (100 THz/s) van de diode laser.
De gevoeligheid van het systeem werd bepaald op 1 op de miljard deeltjes (3
seconde meettijd) voor een ethaan absorptiepiek bij 2996.9 cm−1. De brede af-
stembaarheid van de OPO werd aangetoond voor een gasmengsel van ethaan in
laboratorium lucht, waarbij een gebied van wel 35 cm−1 werd bestreken en ab-
sorpties van ethaan, methaan en water werden geregistreerd.
Het detecteren van grotere, wat complexere moleculen kan moeilijkheden geven
omdat absorptiespectra tientallen, zelfs honderden, wavenumbers breed kunnen
zijn. Hoewel deze absorpties hun eigen specifieke patroon hebben, is het moeil-
ijk om verschillende gassen bij lage gasconcentraties in een complex gasmengsel te
onderscheiden en kwantificeren. Een oplossing hiervoor is het meten van deze gas-
mengsels in een supersonische jet expansie (hoofdstuk 7). Hierbij werd gebruikt
gemaakt van cavity ring-down spectroscopie. In dit pilot experiment werd een
totale padlengte van 180 meter in de jet verkregen en kon methanol worden gede-
tecteerd tot op een concentratie van 70 deeltjes per miljard, wat overeenkomt met
een detectie limiet van 2.2× 10−8 cm−1 (totale acquisitie tijd van 90 seconden).
In hoofdstuk 8 wordt de toepassing van de OPO met fotoakoestische spectroscopie
in een biologisch en milieu vraagstuk beschreven. Hierbij werd de afwezigheid van
methaan emissie bij planten op aarde aangetoond. Dit experiment was een reactie
op een publicatie in Nature waarin werd beschreven dat planten op aarde relatief
grote hoeveelheden methaan produceren. Wanneer deze observatie juist was zou
dit gevolgen kunnen hebben op de (natuurlijke en menselijke) factoren die het
methaanbudget (en dus het broeikaseffect) in de atmosfeer bepalen. Om deze
conclusies te bevestigen, dan wel te ontkennen werden zes verschillende planten-
soorten verrijkt met 13C door ze negen weken te laten groeien in lucht met een
99% 13C-CO2. Hierdoor kon later bij de metingen met zekerheid worden gezegd of
de methaan die gemeten werd afkomstig was van de plant, dan wel van de omgev-
ingslucht. Er werden vervolgens regelmatig monsters genomen van de lucht van de
plant, waarna de 13C-methaan concentraties werden gemeten met fotoakoestiek.
Uit het resultaat bleek dat de methaancontributie van planten zeer klein is. Voor
de experimenten was het noodzakelijk om grote hoeveelheden lucht te meten en
ook continue (dagenlang) de lucht van planten te monitoren. Dit laat zien dat
de OPO is uitgegroeid tot een volwaardig instrument voor het zeer gevoelig de-
tecteren van sporengassen.
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